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ABSTRACT 
The phenol biodegradation and microbial growth kinetics of suspended cultures of the psychrotrophic 
microorganism P. pirridn Q5 were rnodeled as a fùnction of temperature in the range of 10 to 25°C The 
Haldane parameter. Ki. decreased with decreasing temperature. indicating the inhibition effect was stronger 
The Luon3 model was found to better fit the kinetics of unacclimated cultures 
The response of an immobilized-cell fluidized-bed reactor (ICFBR) to step changes in phenol 
loading (ranghg from 40 to 5004,o through step changes in either feed concentration or dilution rate) was 
inbesti~ated for a pure culture of l'.s~~rJomorrcz.~p~r~icr'cz Q5 Two esternal-loop airlit? lCFBRs containing 
bioftlm-covered sand particles were operated at steady-state feed concentrations of 180 to 590 rn-d phcnol 
and dilution rates from O O25 to O 069 h" at IOOC Steady-state biofilm thicknesses ranged 6 0 m  3 IO 35 
Pm. depending upon the organic loading and the sand concentration ( 1 1-23 dt) Two types of responses 
were noted. Low-Ievel responses were characterized by a lack of response in the bulk phenol 
concentration. High-level responses were characterized by a rapid increase in the bulk phenol concentration 
and washout of the suspended biomass. the bioparticles were retained in the system. 
A unique unsteady-state process model which simulated the response of al1 four process variables: 
the bulk phenol concentration. the suspended biomass concentration. the concentration profile of the 
substrate in the biofilm and the biofilm thickness, was implemented. Unique features included a balance on 
suspended celis. the consideration of an inactive Fraction in the biofilm. and liquid-biofilm diffusionat 
resistance and detachment. The mode1 represented the wide range of conditions (described above) and the 
responses observed in four verifkation experiments. Accurate simulation of the experiments depended 
upon the use of kinetics determined using unacclimated suspended cells. as they were found to be more 
sensitive to phenol inhibition than the acclimatcd cultures. Mso, growth rate hysteresis was included by 
adding a simple fùnction that decreased the growh rate in proponion to the level of phenol present in the 
bulk fluid during a transient. The solution was simple enoush to be used for hture work with estimation 
and nonlinear control. 
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1 Introduction 
Historically, the focus in water poIiution abatement has been the removal of suspended solids, 
nutrients and biochemical oxygen demand. However, the focus in wastewater treatment has recently shifled to 
the removal of toxic or persistent compounds. Despite the xenobiotic nature of these compounds. many are at 
least partially degradable by microor@sms, particularly if the microorçanisms have been acclimated to a 
given wastewater 
The most common biological wastewater treatrnent method is the activated sludge process, which 
consists of a mixed culture of fieely suspended microorganisms that use pollutants both as a carbon source and 
for energy. Some limitations of the activated sludge process include a restriction on the maximum permissible 
biomass concentration to allow for floc formation and settling under quiescent conditions, and a restriction on 
the dilution rate (flow rate per unit liquid volume) to avoid washout of the biomass Activateci sludge systems 
are sensitive to fluctuations in flow, concentration and temperature, arising bom either periodic variations in the 
feed conditions or by shock loads due to spills, malfunctions or equipment backwashinç upstream of the 
activated sludge bioreactor (Chnstiansen and Spraker, 1982). 
Biofilm processes, in which the rnicroorganisms are attached to a support material, offer a number of 
advantages over conventional suspension cell systems. 
Biofilm systems are more resistant to process fluctuations (Holladay et al., 1978). 
Biofilms are better protected against toxic or inhibitory compounds (eg. phenol) than fixe-suspension 
cultures (Heipieper et al.. 1991) and rnay degrade these compounds at higher rates (Stevens, 1988). 
This may be a result of the protective effects of concentration gadients that occur within biofilms . 
Higher dilution rates cm be tolerated in biofilm systems without washout of the biopmicies (Tang et 
al., 1987) (although at high abstrate loadings and low temperatures a "lifi-out" phenomenon is 
possible (Patoine, 1989)). 
Biomass concentrations can be 5-10 times higher than for conventional systems (Sutton and Mishra, 
1990), thereby allowing for higher degradation rates (Holladay et ai., 1978) and s d l e r  reactors 
(Stathis, 1980). 
Biomass settling characteristics are iess imponant than for conventional systerns. 
Biofilm systems ocnir in a number of configurations, including trickling filters. submqed filters. 
rotating disks and fluidized beds. An advantage of irnmobilized-cell fluidized bed reactors (ICFBRs) is a laryer 
d a c e  area for biofilm formation (e.5 3300 m4m3 compared to 160 m2trnJ for rotating disks and 80 m'lmJ for 
trickling filters (Stathis. 1980)). Another advantage is that ICFBRs can be well mixed with respect to the liquid 
phase which allows for better extemal mass uansfer and allows for bener çontrol of biofilrn thickness and the 
prevention of cloging. 
1.1 Research Needs 
Traditional design approaches for biofilm reactors include the empirical loading approach (which was 
adapted From conventional system design), and the use of empirical design formulae based on data-fittiny 
(Arvin and Harremoés, 1990). Neither approach has been effective for designing complex biofilm reactors 
suc h as ICFBRs. 
Research on biofilm processes has demonstrated the importance of the difisional resistance to the 
movement of substrate within suficiently-thick biofilmw prior to its degradation. Recently, models (Stevens, 
1988, Elmaleh 1990) that use lumped reaction rates within the biofilm (using concepts sirniiar to those used for 
heterogeneous cataiysis) have ben proposed; however. these models cannot be used to predict steady-state 
biofilm thickness (and therefore biomass holdup), nor do they aflow for biofilm growth. 
Thus, phenomenolo~cally-bas& design rnethodologies for fluidized bed bioreactors are needed. 
Such design rnethodologies should depend on system models which describe the systern with reasonable 
accuracy, but which are simple enough to be applied in practice for simulation, optimization and scale-up 
purposes and possibly for enhanced process comol. A h ,  most of the biofilrn models have been developed for 
steady state conditions. Due to the variable nature of industrial eWuents. an unsteady state mode1 is needed so 
that the dynamic behaviour and limitations of the ICFBR can be evaiuated prior to the design stage. 
Several unsteady-state biofilm models have ben applied to ICFBRs. These models, however, have 
several limitations, as described below. 
Temwranire 
Existing KFBR modefs have been developed for a constant temperature environment. Wastewater 
treatment systems normally do not have temperature comrol and are exposed to fiucîuating temperatures (2- 
25°C) arisin~ fiom changes in process conditions or seasonal variations, particularly in cold climates. Although 
the effects of temperature change on suspended ceIl cultures with non-inhibitory substrates have b e n  studied. 
there is litde information on the effects of temperature changes on biofilm cultures or on cultures that are 
degrading inhibitory substrates. Temperature changes will affect both mass transfer rates and microbial 
kinetics and may even alter the extent of substrate inhibition. 
Hydrodynamics 
Most models consider idealized systems in which the hydrodynamics do not affect reactor 
performance. In practice. reactor hydrodynamics dictate important aspects of its performance. liquid-biofilm 
mass transfer resistance and biofitm adhesion and detachment rates These should be taken into account in 
models. 
Inactive Fraction in the Biofilm 
To date, many biofilm models assume that ail of the measured biofilm volume consists of active 
biomass (see Section 2.2.2). However, up to W/O (as TOC) of the biofilm may be composed of extracellular 
polymeric substances (EPS) @akke et al.. 1984) and up to jOa/o of the microorganisms in the tilm may be 
metabolically inactive (Rittmann et ai., 1992). Thus the presence of an inactive fiaction should be investigated 
and if necessary should be taken into consideration in the mode1 if kinetic relationships obtained for suspended 
ce11 cultures are to be applied to biofilm cuftures of the same microorganisms. 
There has been limited verification of exining dynamic ICFBR models. Results Eom shock loading 
experiments with suspended cell cultures indicate that the response of the system varies drarnatically with the 
magnitude of the change imposed on the system. Thus, experimental verification of a modei over a range of 
variable conditions is needed. 
In addition to the limitations of existing models, there are other areas in which Our understanding of 
ICFBRs is lacking. These include the behaviour and performance of psychrouophic bacteria (see below) in 
ICFBRs, the release of intermediare metabolites into the medium under stresseci conditions, and performance 
compareci with conventional suspended ce11 systems. 
Psvchrotrophic Bacteria 
In cold climates. wastewater temperatures often reach levels that are below those at which mesophilic 
organisms - with optimum temperatures in the range 20-40°C - function optimalty (or even at dl) Thus, the 
use of psychrotrophic organisms which are active From 5 to 25-30°C for biologcal treatment has significant 
potential advantages. Furthemore, it is likely that wastewater treatment systems in nonhern regions self-select 
organisms of this type to sorne extent. However, virtually al1 of the wastewater treatment research, including 
biofilm research, has focused on mesophilic organisms at conditions preferred by them. 'There is a need to 
understand the performance of psychrotrophic organisms in ICFBRs under both steady state and dynamic 
conditions. In particular. there is a need to investigate the behaviour of ICFBR systems outside the 20-30°C 
range. 
1.2 Research Objectives 
In order to address the limitations of existing ICFBR models and ta address the yaps in the 
understanding of lCFBR systems, the research focussed on the unsteady-state response of an ICFBR organic 
loading. 
The ICFBR utilized a psychrotrophic bacterium imrnobilized on sand particles, to treat a mode1 
inhibitory wastewater containing phenol. The bacterium, PsetuIorno~m putlk Q5, is a naturaily occumng 
biofilm-forming phenol degrader (Patoine, 1989; Kotturi et al., 199 1 ) 
The overall goais of this researc h were: 
1.  to gain a better understanding of the growth and phenol biodegadation kinetics of P. puh& QS, 
particularly at temperatures between 1 0-Z°C, 
2. to investigate the response of P. p t r &  Q5 and that of an ICFBR under shock or variable loading 
conditions of phenol concentration, feed rate ancilor temperame, and 
3. to develop a practical process mode1 that can be used for the design, optimitation and d e - u p  of 
industnal-sale reacrors of this type. 
Specific objectives were 
a) to characterize the phenol degradation kinaics of P. ptrrrdz Q5 within the temperature range of 10- 
25°C (ie. to evaluate the three parameters in a substrate inhibition kinetic model as a tiinnion of 
temperature), 
b) to develop an unsteady-state model which incorporateci phenol biodegradation kinetics. biofilm 
detachment and hydrodynarnic effects, and 
C) to veriQ the rnodel experimentally to step changes in organic loading, by changing the fced 
concentration or the feed rate. 
1.3 Model System 
The model systcm used. consiste- of two extemal-loop airlifl reactors with working volumes of 3.5 and 4 L, 
containing pure cultures of P. p t i h  Q5 and sand as a suppon material for biofilrn formation. The two airlift 
bioreactors were operated separately. 
P. purida QS, a psychrotrophic suain, was selected for several reasons. It had been usd niccesstùlly 
in a previous ICFBR study in which phenol was the submte being degraded in steady-state operation (Patoine, 
1989). Other strains of P. p r i i l a  have been associated with the degradation of aromatic compounds in 
biological wastewater treatmem plants (Howell and Jones, 198 1 ; Lewandowski et al., 1986). A psychrotroph 
was chosen because the Iow-temperature aspects of the performance of the ICFBR were of interest, and at low 
temperatures psychrotrophic strains are likely to be self-selected in biologicd treatrnent processes. 
Sand was selected as the suppon material for biofilm development. The sand used in the experiments 
had a very imegular and rounded surface, and had been used successfùlly as a support material in previous 
ICFBR studies (Wagner and Hempel, 1988; Patoine, 1989). 
The reaaor feed consisted of a defined salts medium containing phenol as the sole carbon source. 
Phenol is a contaminant which is cornmon in petroleum industry and other industrial wastewaters. Shock loads 
of phenol have been responsible for severe disruptions in conventional industrial biological treatment facilities 
(Galil et al., 1988). Phenol has also been used as a mode1 inhibitory compound in other research (Hill and 
Robinson, 1975; Yang and Hurnphrey, 1975; Sokol and Howell. 1981; Rozich and Gaudy, 1983). and 
consequently, there is a large body of information on the biodegradation kinetics of phenol and the response of 
suspended-cell cultures to shock toading of phenol. There is little literature on the response of biofilm cultures 
to shock-loading of phenol. 
Loading changes to the system were limited to step changes in either the dilution rate or the feed 
concentration. 
1.4 Limitations and Assumptions of the Research 
The ICFBR is a very cornplex system due to the interactions between the microorganisms, mass transport 
phenomena and hydrodynamics. The cornplex nature of the system and cunent approaches to modelling the 
system are discussed in Chapter 2. 
There are many areas in which information is lacking. In some cases, çeneral conelations for these 
interactions have not yet been developed. For e.uample. there are not yct correlations for detachment rates of 
biofilms for systerns in which abrasion of particles plays an important role. Ln other cases, certain phenomena 
are not well understood (such as the effect of irnmobilization on microbial physiology and phenol degradation 
kinetics). This lack of knowledge is cornplicated fiinher when transient conditions are considered. 
Because of the complexity of the system and the level of current understanding of biofilm systems, a 
number of simplifications and assumptions have been made in order to produce a model that will be usefiil in 
an engineering context. The assumptions of the dparnic ICFBR mode1 are described in detail in Section 4.1. 
Severd simplifications are listed hue. 
I .  The mode1 was developed and veri fied using a pure culture (P.wdomoms p t r h  Q5). In practice, a 
mixed culture would be used for wastewater uement; however. the interactions of species and 
degradation kinetics of a mixed culture (within a biofilm) under dynamic conditions would imroduce 
too rnany parameters. 
2. The model was developed for a synthetic wastewater containhg a single limiting substrate. Ln this 
case. phenol was chosen as a mode1 inhibitory compound. industrial wastewaters typically include a 
number of contaminants, including others that are toxic or inhibitory. 
3 .  The specific rate of ceIl detachem was determineci for specific conditions used in the verification 
experiments. This parameter will not necessarily apply to other lCFBR syaems using different 
conditions. 
4. The ICFBR was operated undm conditions in which the degradative capacitv of the biofilm was 
limited only by the availability of phenol. and not by the availability of oxygen or other nutrients. 
2 Literature Review 
2.1 Biodegradation of Phenol 
2.1.1 Metabolic Pathways of Phenof Biodegradation 
Phenol must diffuse into the cell to be metabolized. Bacterial degradation of phenol is accomplished 
through the transformation of a catechol intermediate via one of two pathways. as illustrated in Figures 2.1 and 
2.3. 
The o r h  pathway (Figure 2.1) involves cleavage of catechol by catechol I.t-oxygenase to form 
cis,ci.~-rnuwnate. The crs,cwmuconate induces three enzymes which catalyze the conversion of catechol to B- 
ketoadipate enol-lactone (Feist and Hegeman, 1969). The metabolic produas of the orrho pathway are carbon 
dioxide as well as succinate and acetyl-COA. both which can be further degraded in the TCA cycle. 
The meta pathway (Figure 2.2)  involves cleavage of catechol by catechol 2,3-oxygenase to form 2- 
hydroxymuconic semialdehyde, which is sequentially metabolized to form acetaldehyde and pyruvate. The 
mera pathway is i n d u 4  by a primary substraie such as phenol (Feist and Hegeman, 1969). The mera pathway 
appears to allow for the metabolisni of a variety of substituted phenolic compounds. wheteas the ortho pathway 
is more specific and is used in the catabolism of catechol and precursors of catechol (Feist and Hegernan, 
1969). 
The or~ho pathway is more common. Stainer et al. (1966) found that only 8 out of 41 strains of 
Pserrdomoraas putda were capable of the meta cleavage pathway. The psychrotrophic strain used in this study, 
P. purida Q5 possesses the orzho but not the meru pathway (Kolenc et aI., 1988). 
2.1.2 Mechanisms o f  Phenol Inhibition 
Phenol has ken used as a mode1 inhibitory compound in the literanue. PhenoI is growth inhibitory to 
bacteria at concentrations above about 50 m@ and is bactericicial at concentrations of about 2000 mg/L 
(Heipieper et al., 1991). Typical phenol concentrations in industrial wastewaters are presented in Table 2.1. 
Many wastewaters listed in Table 2.1 contain phenol at inhibitory concentrations. 
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Figure 2.2. Meta-cleavage pathway of p henol rnetabo I ism ( fiom Sda-Trepat et ai., 1972) 
Table 2.1 Levels of Phenol Reported in Industrial Wastewaters 
Industrial Source 
Ioke Ovens 
Veak ammonia liquor without dephenolization 
Veak ammonia liquor with dephenolization 
Yash oit still wastes 
)il Refineries 
AW-tempemure wbonization emuent 
jour water 
hneral waste Stream 
'os-stripping 
3neral (catalytic cracker) 
Mineral oil wastewater 
VI separator effluent 
%wochem i d  
3eneral wastewater 
Benzene refinenes 
Niuogen w orks 
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Kumaran and Parachuri ( 1997) 
Phenol Concentration ( m e )  
' Weber et ai. (1992) 
Although the mechanisms of phenol inhibition are not known it appears that effects on membrane 
hnctionality may play an important role. Exposure of Eschenchia coli to phenol concentrations in the range of 
0-2 @ resulted in Idcage of K* ions and ATP (Heipieper et al.. 1990, 1991). The rate of K-  efflux and the 
amount of ATP lost were proportional to the phenol concentration used (Heipieper et al., 199 1). Leakage of 
nucleotides. particularly at bactericidai concentrations (2 giL), has also been reported (Heipieper et ai., 1991 ). 
Because growth inhibition by phenol was not affecteci by increasing the conamtration of K' in the medium, 
Heipieper et al. (1991 ) suggested that the observai toxicity mua be due to the Ioss of another ion or metabolite. 
Keweloh et al. (1990b) postulateci that because phenol is highly Iipid soluble. it can disturb the stnictural order 
of lipids in the membrane. resulting in leakage of ceIl metabolites and co-factors into the medium. 
Keweloh et al. (1990b) reported changes in membrane structure by ,E cofi K-12 in response to 
exposure to phenol. Both the cytoplasmic and outer membranes showed higher protein to lipid ratios. The 
higher protein fraction in the membrane makes the fatty acid chahs of the tipids more rigid and hence makes 
the lipoprotein membrane less pmeable. The change in membrane structure could be a result of the inhibition 
of lipid synthesis or an adaptive effect to protect osmotic integrity. Heipieper et ai. (1990) have also reponed 
an increased ratio of saturated to unsaturated fatty acids in the cell membrane at bacteriostatic concentrations of 
phenol. 
Bacterial cells appear to be able to restore gradients across the ceIl membrane, required for 
continuation of ce11 growth. Heipieper et al. (1990) reponed that P. prn& that was adapted to a sublethal 
concentration of phenol was able to reabsorb K- ions at phenol concentrations up to the concentration to which 
it was adapted. Unadapted cells showed irreversible losses of K' ions. Subsequently, Heipieper et al. ( 199 1 ) 
showed that reuptake of cations occurred only when cells were supplied with an energy source such as glucose. 
The cells were able to reestablish K* membrane gradients within about one hour d e r  having been exposed to 
hi& concentrations of phenol (at phenol concentrations which still allowed for gowth). 
2.1.3 Growth and Phenol Biodegradation liinetics during Balanced Growth 
Bacteria experience balanad gmwth in batch syaems. where bacteria are in the logarithmic phase of 
growth, or in wntinuous systerns at neady nate During bdanced growth extensive properties of the synem 
such as total protein DNA. and RNA increase in direct proportion to the number of cells (Campbell. 1957). 
In the following section, unstnictured models developed for cell growth and phenol degradation 
during ba l and  growth ir! suspendeci-cell cultures are discussed. As kinetic models for phenol degradation in 
biofilms have not yet k e n  developed. it will be assumed that kinetic models for suspended cell cultures apply 
equally well to biofilm cultures, when the interna1 diffusional raistances are accounted for separately frorn the 
inherent growth kinetics Suspendedsell kinetic models have already b e n  used in this context with sorne 
success (Tang and Fan, 1987; Tang et al., 1987; Worden and Donaldson. 1987; Livingston and Chase, 1989; 
Wisecaryer and Fan, 1989). The bais for this assumption is discussed in Section 2.3.4. 
2.1.3.1 General Kinetic Expressions 
The rate of change of biomass concentration is dependent on the rates of ce11 go* endogenous 
decay and death. The rate of change in substrate concentration is dependent on the submate uptake rate for 
growth. as well as for maintenance requirements, possible energy spillage and product formation. 
Growth 
The rate of ceIl growth (rSy) is proportional to the concenuarion of active biomass present and is gven 
where u is the specific growth rate and X is the soncentration of viable cells. Equation (2.1). when integrated, 
describes logarithmic or exponential growth. 
Maintenance and Endogenous Decay 
Maintenance and endogenous decay are often used interchangeably because bath result in a reduced 
yield of biomass and are not possible to dininguish From each other experimmtally The decay concept reruhs 
in the rate of production of cell rnass beiq Iowa than expected fmm a given substrate mncentration and 
theoretical yield coefftcient The maintenance concept results in the rate of substrate consumption king higher 
than would be predicted fiom a given cell concentration. The two concepts can be related mathematically using 
the tnie growth yield coef'ficient (Shuler and Kargi. 1992) The maintenance concept is used in the cuvent 
work. 
Energy is required to maintain and repair existing structures. to transfer some nmients and products in 
and out of cells, to regulate the osmotic pressure inside the cells and in some cases for ceIl motility (Shuler and 
Kargi. 1992) This results in a diversion of substrate away from growth and a reduced yield of new biomass 
h m  the consumption of substrate. The expression for the maintenance rate (r,) is given as: 
where m is the maintenance coefficient. Maintenance requirements are included in the mass balance on 
substrate in a process. 
Yield can also be reduced through the degradation of cells or cellular components with the result of 
decreasing biomass. Decay may be important in substratedepleted regions in the innermost layers of the 
biofilm. The expression for the endogenous decay rate (rd) is given as: 
where kd is the decay coefficient. The decay t m  is oflen considered to be negligible; however it should be 
included in the model if v q  thick biofilms, which can becorne substrate or oxygen-limited, are expeaed. 
Death 
Death is dificuit to distinguish fiorn decay and is not usually included in biofilm rnodels unless cell 
death can be attributed to the presence of a biocide. 
Product formation 
Bacteria may produce a variety of produas, including wbon dioxide, extracellular polyrneric 
substances (EPS) and intermediate metabolites. The rate of product formation tiom energy associated 
metabolism (rp) cm be expressed by the generaiized Leudeking-Piret equation (Leudeking and Piret, 1959), 
given as: 
i ~ l  r -  1 
where kp., is the gowth associated product formation coefficient and kp., 'is the non-growth associated product 
formation coefficient for the i' product The produaion of EPS by P.w~t~rnunas rnrgriosa obeys this rate 
law for the case where the non-gowth associated coefficient is essentially zero (Robinson I. A et al.. 1984). 
The specific rate of product formation is given as: 
Robinson et al. (1984) reponed that the cellular yield (YvS) (based on suspended solids concentration) for P. 
aentgrmsa in biofilms would be overestimated by 100°/o if EPS production were to be neglected. 
Substrate uutake 
The rate of substrate uptake (rs). is given as: 
where )ks is the apparent growth yield. The apparent growth 
(2.6) 
yield is not a true constant and will vary 
according to how the substrate is used (ie. t'or growth, energy, maintenance, energy spillage.and product 
formation) under various cuiture conditions. According to Pirt (1965). the m e  growth yield, Y, which is 
considered to be constant, and the apparent growth yield are relate. by, 
I m i  - ------ 
Y.KS P YR 
Thus, if maintenance requirements and product formation are also included, rs is given as: 
where is the product yield based on substrate consumed. 
2.1.3.2 Specific Growth Rate@)  
The Monod Eauation 
Expressions for p are based on the dependence of gowth on the concentration of a limiting subsvate 
and are usually semi-empirical because the rnechanisrns of bacterial reproduction are cornplex and not 
sufficiently well understood. A number of equations have been proposed for specific growth rate. based upon 
experimental observation and cuve fitting. the most widely accepted king the Monod equiition for non- 
inhibitory substrates (Monod, 1949): 
Here S is the concentration of the single limiting substrate (ie. phenol in this work). F,,, is the maximum specific 
growth rate and AI is the Monod constant which corresponds to the subsuaie concentration at which the value 
ofp is half ofp,,,. Although the Monod equation is strictly ernpirical, it has been found to fit quite well the data 
of a number of pure and mixed cultures growing on non-inhibitory substrates when only one of them is limiting 
(Grady and Lim, 1980). 
The Haldane kuation 
Phenol is an inhibitory substrate at moderate concentrations (50-100 m a )  even to microorganisms 
which can use it as a substrate for growth, and c m  cause cell death at sufficiently high concentrations. 
Although phenol concentrations may not reach inhibitory levels at steady-state conditions in continuous culture 
(Livingson and Chase, 1989). inhibitory levels may be rfached during transient conditions as a resilt of 
changes in feed concentration dilution rate ( f d  rate pet unit liquid volume in the bioreactor) or temperature. 
Thus an inhibitory model must be considered. 
The Haldane model (Watdane, 1930). originally proposed to describe the effect of cornpetitive 
substrate inhibition of a single enzymic reaction, has been adopted to describe inhibition of microbial growth, 
although the original enzyme mechanisrns do not necessarily apply (Andrews, J. F.. 1968): 
Here KI is an inhibition constant, equivalent to the highest substrate concentration at which the specific growth 
rate (p) is qua1 to half the maximum specific growth rate (p,) in the absence of inhibition. The Haldane 
mode1 is illustrateci in Figure 2.3 
The maximum specitic growth rate anainable in the presence of an inhibitory subnrate @') can be 
determined by taking the first derivative of Equation (2.10). setting it to zero and solving for p. This results in. 
The submate concentration at which lr=p' is, 
In continuous cultures, the value ofp' corresponds to the critical dilution rate. D'. above which washout of 
the biomass would be expected under steady-nate conditions for a wmpletely-mixed suspended-ceIl 
system. The value of S' is defined as the critical substrate concentration above which growth is lirnited by 
inhibition and beyond which the continous culture process is not stable. Although theoretically steady States 
are possible at values of S and D which are greater than S' and D', in practice stable operation of a 
continuous reactor is not possible in that operating region without closed-loop control rnechanisms. 
The Haldane equation (Equation 2.10) has been used to mode1 the relationship between p and phenol 
concentration for both pure and mixed cultures, including both mesophilic (Pawlowsky and Howell, 19733 b; 
PawIowsky et al., 1973; Hill and Robinson, 1975; Yang and Humphrey. 1975; Sokol and Howell. 1981; 
.4llsop. 1989; Livingston and Chase, 1989; Ong and Bowers, 1990; Livingstoa 1993) and psychrotrophic 
(Kotturi. 1989; Patoine, 1989; Komiri et al., 199 1) bacteria. However, a number of problems have been 
reponed in fitting experimental data to the Haldane model. 
Allsop ( 1989) demonstrated that the Haldane model parameters are perfectly correlateci and cannot be 
separate- ir! several regions below a phenol concentration of 1 0  mg,&, by ploning the partial derivatives of p 
with respect to each parameta. His anaiysis also showed that u, is the only parameter that can be obtained 
easil y from kinetic data. 
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Figure 2.3. The Haldane model for fkely-suspended cells of P. putida Q5 growing on phenol at 10" C 
@,=O. 1 19 h". Ky527 m e ,  K r 3  77 mgL. Konuri et al., 1 99 1 ) 
Another dificulty with the determination of Haldane parameters is that Ks is best daermined at low 
p henol concentrations where concentration measurernents are least accurate. in addition, KI is best evaluated 
under conditions of high subnrate concentration (S.--*s'). which are not achievable in steady-nate 
continous cultures without a controller (Schroder et al., 1997). 
Linearization techniques oflen used in evduating the parameters of the Monod equation are more 
difficult to apply to the Haldane equation @'Adam0 et ai., 1984); thus, non-linear least-squares regession 
techniques have been used. Unfortunately. the least-squares technique is sensitive to the choice of initia1 values 
of the parameters, resulting in multiple values for the parameters (Sokol and Howell, 1981; D'Adamo et al., 
1984). D'Adamo et al. (1984) proposed a set of limiting conditions to restrict the problem to realistic 
parameters. 
The Haldane model overestimates values of p in the higher phenol concentration range obtained in 
batch cultures (Yang and Humphrey, 1975; Kotturi et al., 1% 1). Yang and Humphrey ( 1  975) found that the 
model predictions deviated from experimental data for phenol concentrations above 300300 mg/L. Kotturi et 
al. ( 199 1 )  also report4 overestimation of p at phenol concentrations above 600 m@ for P. putda QS 
Despite the problems reponed for the Haidane model, its continued use has been recommended by 
several researchers (D'Adarno et al., 1984. Li and Humphrey, 1989). 
Other Substrate Inhibition Models for p 
Because the Haldane equation originated as a description of enzyme kinetics, and the mechanism 
upon which it was based does not necessarily apply to microbial growth, other models have b e n  proposed for 
phenol degradation. Some of these models are listed in Table 2.2. 
Predictions based on the Haldane model (Equation 3.10) has been compared to the equations listed in 
Table 2.2 (Edwards, 1970; Pawlowsky and Howell, 1973a; Hill and Robinsos 1975; Yang and Humphrey, 
1975. D'Adarno et al., 1984; Tan et al.. 1996) with mixed results. The fit of the Haldane mode1 was either 
statistically indistinguishable from the others (Edwards, 1970; Pawlowshy and Howell, 1973a; D'Adarno et al., 
1984). better (Edwards, 1970) or significantly worse (Edwards, 1970) depending on the scatter in the kinetic 
data, the range of concentrations, the type of oryanism and the inhibitory substrate chosen. The models are not 
al1 that different in forrn. The use of the Hddane model has been recornmended (Edwards, 1970; Pawlowsky 
and Howell, 1973a; D'Adarno et ai., 1984) because it is relatively simple and easier to manipulate than 
Equations 2.12-2.19). 
Han and Levenspiel (1988) proposed Equation 2.21 which unlike the other models in Table 2 2 
(except for the model of Luong, 1987). predicts a critical inhibitor concentration above which reaction cesises. 
Unfortunately, Equation 2.21 has five parameters which makes it less practical to use than the Hddane model 
which has three parameters. 
Sokol and Howell ( 198 1 ) reponed that although the Haldane equaîion fitted data for the growth of a 
rnesophilic P. put& on phenol in batch culture (but taken from wntinuous cultures at various dilution rates), 
Equation 2.19, which was convened to a two-parameter model, namely: 
Table 2.2 ûther Substrate-Inhibition Models 
Aiba et al. ( 1  968)  
Edwards ( 1970) 
Yang and Humphrey ( 1 975) 
Yang and Humphrey (1  975) 5 
Sokol and Howell ( 198 1 ) 
Luong ( 1987) 
Han and Levenspiel ( 1988) 
cl 
Pmax S f l  - - - ) 
P 
K (2.12) 
S.' S - K~ - - -  
K i  
tïtted the data significantly better at a 95% confidence level for phenol concentrations up to 1000 mfl. 
Because parameter estimation with the Haldane model Iwith three parameters) can be dificuit. a two-parameter 
model would be easier to implement . 
Beitrame et al. (1984) hypothesized that either an intermediate metabolite or a decay product 
competitively inhibited the growth rate in a continuous reactor By assuming that the concentration of the 
inhibitor was proportionai to the feed concentration (S,), they proposed the following model based upon 
cornpetitive inhibition. 
The model explained the apparent dependence of the effluent concentration, not only upon the dilution rate 
(flow per unit volume of the reactor), but the feed concentration as well 
2.1.3.3 Tme Crowth Yield ( Y,) 
Under conditions of balanced growtk YR is assurneci to be constant at a aven set of environmental 
conditions. If the medium compositio~ temperature or substrate concentration is change4 the yieId may 
change. Kotturi et al. (1991 ) reported that the m e  growth yield for P. p t ~ &  Q5 using phenol as a substrate at 
10°C is 1.44 dg, based upon theoretical considerations. 
2.1.4 Effects of Temperature on Microbial Kinetics 
Temperature can have a significant effect on microbial processes. infiuencino not only reaction rates 
but nuuient requiremems, ce11 composition (Esener et al., 198 1 ) and mass msfe r  of oxygen substrate and 
reaction products through the biofilm. As a result, temperature affects important process parameters such as 
criticai dilution rate in suspended ce11 cultures (Morgan and Edwards, 1971; Topiwaia and Sinclair, 1971) and 
oxygen penetration depth in biofilm and floc-containing reactors (Eckenfelder and Engiande. 1970). The 
effects of temperature on mass transfer is discussed in Section 2.2.3.3. 
The effm of even a 10°C change in temperature on growth rate can be considerable. For example, 
the generation times of P. ph& QS at 5°C and 15°C are 13.9 h and 3.2 h, respectively (Kolenc et al., 1988). 
Much of the temperature-kinetics research has been conduaed with batch suspendeci-cell cuitures 
which are temperature-lirnited (not substrate-limited); thus, the observed growth rate for the culture is 
equivalent to p,  in the Monod equation Equation (2 9)) In continuous systems where substrate concentrations 
are limiting and decay may not be negligible. ternperature effects on microbial kinetics are not as 
straightforward. 
The temperature-kinetic models described for p, in the following section were developed either for 
specific reactions or for temperature-limited gowth in which the observed growth rate is maximal for a Qiven 
temperature. Al1 of the research has b e n  conduaed with suspended ce11 cultures. Very little work has been 
done with inhibitory substrates such as phenol considered in the current research. 
2.1.4.1 Temperature Models for the Maximum Specific Growth Rate ('4 
It is generally accepteci that as temperanire increases fiom the minimum temperature for go& (Tm,), 
the maximum growth rate Wm) (in the Monod equation) increases until some optimal temperature (T*) is 
reached, a f k  which Fm decreases to zero above the maximum temperature for gowth (Tm). The m e  
representing this growth rate-temperature relationship, illustrated in Figure 2 4. can be divided into four 
temperame ranges: the subArrhenius, Arrhenius, optimum and super-optimum ranges (Heitzer et aI.. 1991) 
Existing temperature-kinetic models anernpt to describe this relationship over the full growth-penissible 




Figure 2.4. Relationship between temperanire (7 )  and the maximum specific growth rate 01,) for 
rnicroorganisms 
There are essentially two types of temperature models currently in use in the literature. Arrhenius- 
type models are usually expressed with the dependent variable as Mrate), whereas with square-root models the 
dependent variable is expressxi as (ratey ' 
Arrhenius-tvpe models 
A list of Arrhenius-type modets is presented in Table 2.3 An underlying assumption of al1 Arrhenius- 
type models is that p,,, is controlled by a single reactiun. despite the vast number of complex enzymatic 
reactions taking place in the cell. 
The Arrhenius and Eyring equations (Equat ions 2.24 and 2.25, respect ive1 y) have Iimited appl kat ion 
to biological synems over wide temperature ranges because they predict ever-increasing rates with temperature. 
This is not consistent with observations of growth rates in biological systems, as illustrated in Figure 2.4. Also, 
in Equation 2.24 the temperature characteristic, AH'. is aswmed to be cunstant; however. LW' a n  Vary as 
much as threefold or fourfold, depending on the temperature range chosen (Ratkowsky et al., 1982). Despite 
these limitations, the Arrhenius equation has ken  used extensively in the biological and engineering literature. 
particularly when temperatures in the Arrhenius range are king considered. 
Because the Arrhenius and Eyring models are not applicable to bacterial growth over the entire 
growth- permissi ble range, the theory was extended to include enzyme denaturation at temperature extremes. 
These extended models are called master reaction models. Two master reaction models are listed in Tabie 2.3 
(Equations 2.26 and 2.27). These can be simplified to allow for only low- or high-temperature deactivation by 
neylecting the appropriate terms. Aithough the master reaction rnodels have a bais in reaction theory, the 
parameters cannot be considered m e  thmod ynarnic constants and are essentidl y em pirical. Both Equations 
2.26 and 2.27 exhibit sensitivity to initia1 parameter guesses (Heitzer et al., 1991) and contain too many 
parameters to be practical. 
Sauare-root models 
Another approach was proposed by Raikowsky et al. (1982) who deveioped a square-root 
relationship, Equation 2.30 in Table 2.4, to describe the relationship between g r o h  rate and temperature 
betow the optimal gowth rate. .4Ithough the mode1 is completely empiricai, the square-rwt equation was 
found to weli describe the growth rate/tempera.e data of over 70 data sets for a variety of suspended ce11 
Table 2.3. Arrhenius-type Temperature-kinetic Models 
-p. 
Model Paramet ers 
g, - max. specific growth rate 
A - fiequency factor 
R - gas constant 
T - absolute temperawe. 
LW* - temperature charactensttc 
- - -  
a= entropy of amvatton 
aH O- enthalpy of amvanon 
K, - Boltzmann's constant 
h - Plank's constant 
K - a transmission coefficient 
- pp 
[ET] - concentration of enzyme 
present regardless of sate. 
Subscnpts L and H - low- and 
hi&-temperature enzyme 
tnacnvation. respectively. 
T& To jH - t e m p e m  at &ch 
enzyme is half active due to low- 
or tugh-temperature inactivation. 
AI1 other parameters as identified 
previousl y. 
cultures including psychrophiles, psychrotrophes, mesophiles, and therrnophiles at temperatures below T,, 
(RatkowsLy et al.. 1982). 
Ratkowsky et al. (1983) subsequently extended the square-root equation to include the Ml growth- 
permissible temperature range in Quation 2.3 1 .  Although the regression coeficient, Tm,, does not necessarily 
correspond to the a d  minimum temperature for growth, (Ingraham et al.. 1983), McMeekin et al. (1987) 
reponed that the relationship remains valid while ceils are growing. Heitzer et al. ( 199 1 ) repaned that the 
square-rwt model was able to well 
b is a regrasion coefficient 
and T, is a charactemc 
temperature 
Table 2 4. Square-root Temperature-kinetic Models 
Ratkowsky et 
ai. (1983) 
Here b and c are regresslon 
coefficients and Tm,, 
(previously calleci T,) and 
7'' represent the points at 
h c h  regession lines 
mtersect the axis 




describe the behaviour of four bacteria (Klebsiella prrmmoniae NCIB 418, E cofi NC3, Baciflus sp. suain 
NCIB 1 2522 and cuccobaclfltrr sp. strain NA 1 7) in suspended ceIl cultures. The parameter values obtained 
were independent of initial estimates (Heitzer et ai., 199 1) due to the simplicity of the mode1 structure. 
Zwietering et al. (1 99 1) modified the model by Ratkowsky et al. (1 983) such that the dedine ofpm 
towards T, is described by an exponerrtial fùnction rather than the square of an exponential ftnction (Le. 
Equation 2.3 1 squareci). Equatioa 2.32 avoids the prediction of positive cprowth rates above the maximum 
growth temperature, T-. 
Corn~arison between models 
Recently. there has been debate in the literature about the superiority of the model of Schoolfield et 
al (1981) lEquation 2.27) versus the extended square root model (Equation (2.31)) (Adair et al.. 1989; 
Ratkowsky et al., 1991). Zweitering et al. ( 199 1 ) found that when using a minimum sum of squares criterion 
and weighting values to take into account the transformational changes inherent in each model. the modified 
version of the square-root mode1 (Equation 2.30) was better than the model of Schoolfield et al. ( 198 1 ). despite 
having fewer parameters. Heitzer et al. ( 199 1 ) found that bah models predicted growth data well when the 
model of Schoolfield et al. (1981) was solved in two steps. This was done by fitting a four parameter model, 
which considerd only high temperature inactivation, to a partial data set and then by using the parameters 
obtained in the first step to fit the model, Equation 2.27, to the hl1 data set 
Both types of model have their advantages. The square-root models converge quickly, are not 
sensitive to initial parameter estimates and have the fewest parameters of the models described, but the resulting 
parameters are simply regression coefficients. The model of Schoolfield et al. (198 1) requires very large data 
sets for accurate parameter estimation (Zwietering et ai., 1991) and can be sensitive to initiai parameter 
estimates; however, the parameters may have biological meaning, which allows for quantitative comparison of 
thermodynamic characteristics between bacterial species. 
2.1.4.2 Temperature EfTects on Other Kinetic Pammeters 
Monod constant (Kd 
The effect of temperature on the Monod constant, Ks, is not clear fiom previous work. A number of researchers 
have reponed an increase in Ks with temperature in suspendeci ce11 aittures over narrow temperature ranges 
with Arrhenius temperanire characmistic (AH') values ranging fiom 20.9 to 100 kllrnol (Marr et al.. 1963, 
Knowles et al., 1965, Sanders, 1973, Stevens et al., 1989; Zhang, W. et al., 1995) in contrasf Topiwaia and 
Sinclair (1971) obtained a decreasing temperature reIationship in the Arrhenius range with an activation energy 
of 46 Wmol when l/Ks was expressed in the Arrhenius fonn. hluck and Grady (1974). who worked with 
activateci sludge in a glucose-mineral salts medium, reponed that Ks decreased slighrly (fiSom 130 to 1 12 m@) 
between 10 and 20°C. and rose (to 172 mg&) as the tempemure was increased to 30°C. Kim et al. (1981) 
reponed that Ks was independent of temperature for methanol and phenol degradation in a mixed ailnire in the 
range of 5-28°C Esener et al. (1983) have suggested that if Ks can be considerd to be a ratio of kinetic 
constants (analogous to the Michaclis-Menten constant KI,), then KI may increase or decrease with increasing 
ternperature depending on the speci fic reaction. 
Inhibition Constant (KI) 
There is little information about the effects of ternperature on the inhibition constant KI. Alrnost al1 
researchers have used non-inhibitory substrates and Kim et al. ( 198 1) who used phenol as a subsuate, employed 
a non-inhibitory kinetic model, white using inhibitory submte concentrations. 
Eismann et al. ( 1994) (unpublished work) reponed that K, decreased with decreasing temperature for 
a methanogenic culture degrading phenol; thus the degree of substrate inhibition was yreater at lower 
temperatures. They also reponed that the concentration limit at which there is no degradation was lower at 
lower temperatures, indicating an increased sensitivity to phenol toxicity at lower temperatures. 
Unfortunately, none of the data has been published. Reynolds et al. (1974) found that a linear cornpetitive 
inhibition model (for which KI would have different values than the k; in the Haldane model) fitted their 
data best for the degradation of phenol by an alga, however, their anaiysis with an uncornpetitive inhibition 
model (the Haldane equation) resulted in decreasing values of KI with decreasing temperature. 
Others have investigated the effect of temperature on substrate inhibition without looking explicitly at 
the kinetic models for growth. Near the upper m g e  of inhibitory substrate concentration for growth, Huang 
and Chen (1988) found that substrate (ie. glucose) inhibition of ce11 growth for the yeast Zymomona~ mobilis 
followed the general pattern of p,,,, increasing to a maximum at 37°C and decreasing above the optimum 
temperature. in the lower temperature range, Willocx et ai. (1993) found that &n dioxide inhibition of 
Pseudomona. _Jïuorescens increased as temperature decreased. Buchanan and Klawitter ( 1 992) reponed an 
increase in Tm, as conditions diverged from optimal (with respect to pH and salinity) for E. coli. 
Athough the effect of tempemure upon K! (or the degree of subsvate inhibition) is not clearly 
indicated by previous research it is likely that inhibition effects increase as conditions move away fiom 
optirnai, resulting in a decrease in KI at temperature extrernes. 
Speçific rates of endo~enous decav (ki) and maintenance (m) 
The specific rate of endogenous decay (kd) or maintenance (m) described by Equations 2 2 and 2 3 
may be significant in substrate-limited continuous cultures. In general. kd (Muck and Grady, 1974. Kim J W 
et al.. 198 1 ) and m (Mairuer and Hempfling. 1976, Heijnen and Roels, 198 1. Fieschko and Humphrey, 1983) 
have been found to increase with temperature, with some researchers report in^ an Arrhenius relationship over 
limited temperature ranges. with values for M' ranging from 24.2 to 83.7 klimol (Marr n al, 1963. Paiumbo 
and Witter, 1969; Memett and Nakayama, 1971, Topiwala and Sinclair. 197 1; Farmer and Jones, 1976; 
Moletta et al., 1978; Esener et al.. 1983; Stevens et al., 1989). It should be pointai out that these values for the 
temperature characteristic were determined over the Arrhenius ranye in most cases and with few data. Zhang et 
al. (1995) determined that the decay cudlicient for naphthalene degradation was independent of temperature in 
the range of IO-22°C. Mainzer and Hempfling (1976) reponed a non-linear temperature effect on m in the 
range of 17.5 to 4S°C, with a minimum at the optimum temperature for growth at 37T. 
2.1.4.3 Temperature Eflects on Biomass Yield and Maintenance 
When analyzing yieId data it is essential to distinçuish between true yield (Y,) and apparent yield 
(YLS). For various microbial systems (typicaily for substrates other than phenol), tme yield does not appear to 
Vary significantly within the Arrhenius range (Topiwala and Sinclair, 1971; Mainzer and Hempfling, 1976; 
Moletta et al., 1978; Kim, J. W. et al., 19% 1 ; Esener et al., 1983; Fieschko and Hurnphrey, 1983; Bajpai and 
Margaritis, 1987; Huang, S.-Y. and Chen, 1988; Zhang, W. et al., 1995); however, at ternpetatures above some 
optimum. significant drops in true yield have been reponed (Brown and Rose, 1969; Muck and Grady, 1974; 
Mainzer and Hcmpfling, 1976; Esener et al., 1983; Bajpai and Margaritis, 1987; H u n s  S.-Y. and Chen 1988), 
possibly as a result of significant changes in the biosynthetic pathway or uncoupleci growth (Mainzer and 
Hempfiing, 1976; Huang, S.-Y. and Chen, 1988). 
Observed yield tends to decrease with increasing temperature (Tempes and Hunter, 1965; Topiwala 
and Sinclair, 1971; Muck and Grady, 1974), likely as a result of increasing maintenance energy requirernents or 
increased decay, observed as an increase in kd. In a continuous system, at neady state, the following 
relationship results (Muck and Grady, 1974): 

3 Adksmn o/celfs .4dhesion of cells to the substratum is thought to occur in two stages (Marshall et al., 
1971, Powell and Slater, 1983): 11) reversible adsorption. followed by (2) irreversible adsorption. Reversible 
adsorption refers to weak adhesion of the cells due to the presence of long range attractive forces including van 
der Waals forces, electrostatic interactions and possibly polymer bonding (where the cells are held to the 
substratum with extracellular polymers) and through oneway chernical reactions with the surface. The degree 
to which cells adsorb depends on surface propenies of the bacteria (which are affected by cell age, growth rate, 
type of nutrients present and the main used) as well as substratum surface chemistry and morphology and fluid 
charaaeristics. Shreve et al. ( 1991 ) reported that the best surfaces for adsorption of P. p t i &  were those that 
were charged, followed by hydrophobic surfaces. hydrophilic surfaces supported M e  biofilm development. 
The conditioning film alters the substratum swface and may either inhibit (Meadows. 1971; Tosteson and 
Corpe, 1975; Fletcher, 1976) or enhance (Meadows, 197 1. Fletcher. 1976; Fletcher and Loeb, 1979; Fletcher 
and Marshall, 1982) cellular adsorption, depending on the system. 
Once the fim Iayer of biofilm is in place attachrnent to the biofilm rather than adsorption to the 
substratum occurs. The mechanisrns are sirnilar to adsorption. 
4. C d  growrh and pratkcrion of ~ a c e l i u i a r  polymenc ~ubslances. Once attached to the substratum 
bacteria colonize the swface by reproducing and by producing EPS. Primary biofilm formation is not restricted 
by subsvate or oxygen limitations because the initial biofilm layers are thin; only once the biofilm matures and 
becomes thick are nutrient limitations likely. 
5 .  C d  &tachmenr. Detachment of primary biotilm ocnirs through eroston and abraston. Erosion 1s a 
continuous prmss in which small portions of the biofilm are re-entrained into the bulk fluid as a result of 
hydrodynamic forces. It is likely rhat turbulent bursts from the bulk fluid penetrate the viscous sublayer and 
generate a lifl force normal to the surface sufficient to detach adsohed cells (Charackiis, 1990). Rougher 
surfaces may offer protection to the attached cells, reducing the rate of detachment and allowing for growth 
(Gjaltema et al., 1994; van Loosdrecht et al., I995a). Abrasion £iom canier collisions in fluidized bed 
bioreactors also causes detachment of cells. 
2.2,1,2 Effects o f  Operating Conditions on Primary Biofilm Formation 
The rate of biofilm formation is a hnction of factors influencing both adhesion and detachment 
Some of these factors are reactor vanables that can be chosen to favour adhesion or to minimize detachment 
The results of studies investigating the effects of operating conditions on pnmary biofilm formation are 
described below. 
B iomass Concentration 
The greater the concentration of cells in the bulk fluid. the geater the probability of contact between 
cells and the support surface. Duddndge et al. (1982) and Bryers and Characklis (1982) reponed increases in 
deposition rates wit h increasing biomass concentrations in the bulk fluid in the ranges of 5x 1 O'-SXIO' celldrn~ 
and 4.0- 19.5 mg total suspended solids (TSS)/L, respectively. 
Dilution Rate 
Primary biofilm formation occurs more quickly at high dilution rates for a given volumetric COD 
loading rate (Heijnen et ai., 1992). At lower dilution rates, the suspended biomass is washed out more slowly 
and consumes more subsuate, leaving less for the biofilm biomass. It has a h  ben suggested that the 
unattacheci biomass can hydrolyse the attachment polyrners of the biofilm microbes and for this reason the 
dilution rate shouid be greater than the maximum specific gowth rate of the microorganisms (Tijhuis et al., 
199%). Note that dilution rate has a much stronger impact once a primary biofilm layer has been established, 
as there is a trade-off between the benefit of a high dilution rate and the benefit of high biomass concentration 
for initiai attachment. 
Growth Phase 
The effect of growth phase upon attachement is not consistent across species. Powell and Slater 
(1982) reported that BuciIIus cereus cells tiom the late stationary stage adhered more strongly to a ylass surface 
than other stages during the gowth cycle, possibly due to the release of proteins by ceIl lysis or the excretîon of 
EPS during this stage. Fletcher (1977) reponed that log phase cultures of a marine pseudomonad (NCMB 
202 1 ) attactied to polystyrene most easily, followed by stationary and death-phase cultures. Fietcher ( 1977) 
attnbuted these results to the greater proportion of motile cells in the log phase and aiso suggested that there 
rnay have been di fferent levels of EPS secretions. 
Shear Stress 
Hydrodynarnics strongly influence attachent and detachment. [ncreasing turbulence decreases the 
depth of the viscous sublayer next to the substratum resulting in a steeper velocity gradient across the layer and 
leading to an increase in the deposition m e  (Rutter and Vincent, 1988). Fowler and McKay (1980) have 
reponed a minimum shear mess required for anachment of 2.62-5.38 ~ / m '  for various substratum materials 
(Pyrex, siliconized and plate glass, and stainless steel). 
Increasing shear stress, however, may dso increase the rate of detachment or reduce sticking 
eficiency (Bryers and Characklis, 1982; Duddridge et al., 1982; Powell and SIater, 1982). which may counter- 
balance any increase in transport of cells to the surface. Bryers and Characklis ( 1982) reponed that the number 
of bacteria (P.Jluorescerts) attached to type AIS1 3 16 stainless steel dm& with increasing shear stress up to 
a critical range of 6-8 ~ l r n ' .  Aer which the rate of reduction levelled off Powell and Slater (1982) have 
reporteci aitical shear stresses of 1-53 ~ / m '  required to remove various bacterial species from glass airfaces. 
Abrasion 
It is expected that abrasion will be a significant factor in determining detachment rates in an ICFBR 
in mechanicalIy-stined tanks, the degree of abrasion is affixted by the amount of turbulence (measured as the 
Reynolds number), the loading of cells on the suppon particles, the particle size and the volume fiaction of 
particles (Klein and Eng, 1979). [t appears that these factors will aiso influence abrasion in an ICFBR 
For the same giass airlifl ICFBR that was used in this research Patoine (1989) reporteci that 
immobilization of P. punh  Q5 on sand particles was prevented by high IeveIs of turûulence (as a result of riser 
superficial gas velocity (Q,) of 2.7 cm/s; maximum Reynolds number at the wall of the riser, Re,dCC ;OL/pL. of 
1080). At a lower level of turbulence ( r d G . 7  1.06 cm/s; Re,=424), reduced abrasion allowed for biofilm 
format ion. 
The concentration of support particles also affects the d e p x  of abrasion and hence the rate of initial 
biofilrn formation. Patoine (1989) reponed that the initial colonization time of P. puri& Q5 at the lower level 
of turbulence was l e s  at 8 g sandn. (3.7-5 days) than at 20 g s a n a  (7 days). Tijhius et al. (1995) also found 
that startup tirnes were shoner for Iowa carrier particie concentrations and after long periods of time (around 
60 days) a larger portion of the biornass was present as biofilm in the reactor with a lower partide concentration 
(6û% as biofilm at 69 g/L. but oniy 100h as biofilm at 150 gL). 
Sumon Particle Characteristics 
Although surface chemistry may play a role in primary biofilm formation. the physical characteristics 
of the support particles rnay be more important due to the significance of abrasion in ICFBRs. Gjaltema et al. 
( 1997a) found that although bacteria tend to adhere best to hydrophobic or positively charged surfaces (van 
Loosdrecht et al., 1989). the adhesion of P. pur[& cells in a small airlifl reactor was not affecteci by the surface 
chemistry of the particles (glass beads), however, roughened glass beads retained more biomass than did the 
smooth glass beads. Surface roughness is important (Heijnen et al.. 1992; van Loosdrecht et al.. 1995a) 
because surface cavities protect the primary biofilm fiom shear effects and fiom abrasion arising from 
collisions between particles. Biofilm development on smooth particles is much slower (Heijnen et al., 1992) or 
may not occur (Tijhuis et al.. 1995). Smaller particle diameters (ie. l e s  than 0.3 mm) favour biofilm 
development as weli, possibly because the impact of lugw particle collisions may be more significant (Heijnen 
et al., 1992). 
Tem~ranrre 
Temperature influences the rate of primary bio film fornation. Fletcher ( 1 977) reponed that the 
anachment (in 2 hours) of a marine pseudomonad (NCMl3 2021) to polystyrene decreased when the 
temperature was reduced fiom 20°C to 3 ° C  but that the minimum biomass concentration required for 
saturation of the attachrnent surface did not change. She suggesteâ that the reduced amchment may have been 
due to an increase in the viscosity in the medium or bacterial surface pol pers ,  reduced rates of chemisorption 
at the low temperature or a change in the physiology of the microorganisms. 
In airIifl reactors, wbere detachment due to abrasion plays an important role, van Loosedrecht et al. 
(1995a) reported that temperature in the range of 1 l-20°C strongly influenced the rate of pnmary biofilm 
formation on smooth quartz sand. possibly because the slow growth mes at Iowa temperatures are not able to 
wmpete with the rate of detachment. This effm was not as severe for a rough amer  (pumice particles). 
possibly because the rough surface offered shelter to attached cells. 
Aithough the discussion has focussed upon prirnary biofilm formation, it is likely that many of the 
factors memioned are also important once the biofilm has developed more Mly. Biofilm development ocairs 
over fkly long periods of the .  Periods of 1 4 4 5  chys (Heijnen et al., 1992; Tijhuis et al., 1993; van 
Loosdrecht et al., 1995b) are typical prior to reaching steady state with respect to the biofilm at constant 
operating conditions. 
2.2.2 Biofiim Characteristics 
Biofilms are cornplex mixrures of cells and EPS, which enable the cells to stick to supporthg surfaces. 
The make-up and properties of biofilms depend on the constituent micrwrganisrns and environmental 
conditions such as the availability of nutrients and oxygen and the degree of turbulence and abrasion to which 
the biofilm is exposed Understanding of biofilm properties is important because they influence biofilrn 
processes such as mass transport within the biofilrn and detachment, which are of interest to the biochemical 
engineer. This section will disaiss assumptions that have been made about biofdm characteristics and the 
mode11 hg approac hes taken. 
2.2.2.1 Biofilm Structure 
Until recently, biofilrns have been cunceptuaiized as cells embedded uniformly in a yel-like rnauix of 
extracellular polysaccharides. V i d l y  al1 biofilm modeis have assumed a homogeneous distribution of 
components and properties (Howell and Atkinson, 1976; R i t t m m  and McCarty. 1980a; Park et al.. 1984b; 
Suidan et ai.. 1987; Livingston and Chase, 1989) in order to simplie the rnodel even when more than one 
microbial species are present. tn these models, gradients were one dimensional and mas transport was 
assurned to be through diffision only. These assumptions were assumed to be appropriate until researchers 
began to take a closer look at biofilm structure. 
Recent advances in experimental techniques have revealed highiy heterogeneous s t n i ~ e s  in sorne 
biofilms with clusters of cells separated by chamels which extend deep into the biofilm (de Beer et al., 1994q 
b; Bishop et al., 1995; de Beer and Stoodley, 1995. Massol-Deya et al.. 1995; Okabe et al., 1997) and which 
extend beneath the ce11 clusters in thicker biofilrns (180 Pm. thick and thicker) (de Beer et al., 1994b). The void 
fraction is in the order of 5W (de Beer et ai., 1994b) and the surface area for exchange is about twice that of a 
planar surface (de Beer et al., 1994b). Convective transport has been observed in the channels (de Beer a al., 
1994a; Nagaoka and Sugio, 1994; de Beer and Stoodley, 1995; Okabe et al., 1997) which challenges the 
classical modelling assumption of diffusive transport only. Most of the work on biofilm structure has been done 
using flow cells or cuncentric-tube reactors, which are low-shcar systems 
Modelling of these structures has been hampered by a lack of information. Nagaoka and Sugio ( 1994) 
have developed a turbulent-diffision model which ailows for convective transpon within the biofilm; however, 
because it was developed for an open-channe1 type reactor. it may not be easily tramferable to other biofilm 
reactor types. It has been suggested that because of the diversity in biofilm stnictures, neural networks may 
eventually be used to model biofilm growth instead of mechanistic models (de Beer and Muyzer, 1995). 
The significance of heterogeneous structures in ICFBRs in which there is high shear due to abrasios 
has not been thoroughly investigated. Biofilms in both hll-scale and bench-scaie airlifi ICFBRs Vary &om 
very smooth to very rough (van Loosdrecht et al., 1995a). Van toosdrecht et al. (1995a) suaesteci that 
biofilms will preferably grow in highiy heterogeneous stnictures with protuberances. The structure that results 
appears to depend upon a balance between the rates of growth and detachment, which depends upon the 
substrate loading rate and the level of abrasion in ICFBRs. They suggened that at high particle shear rates, the 
protuberances do not have a chance to grow to macroscopic proportions; sirnilarly at low organic loading rates, 
the bacteria grow slowly and the protuberances are eroded as they form. resulting in a srnooth biofilm. They 
hypothesized that at low shear rates ancilor at high organic loading rates, the biofilms grow preferemiaily in the 
form of protuberances without a strong detachment mechanism to keep the biofilm in check. These hypotheses 
were confinned by the work of Kwok et ai. (1998). They found that in a fluidized-bed airiifl reactor, the 
biofilm on the basalt carrier particles became thinner and smwther. as the particle concentration was increased 
(resulting in a higher detachment force). This effect was counterbaianced by increased substrate l d i n g  rates, 
which resuited in less dense biofilms. At a high substrate loading (20 kg CO DI^'.^), a filamentous biofilm 
stmcture was regularly observed. 
The rnorphology or composition of the biofilm may also change in response to shock loading or 
dynamic conditions. For example, Worden and Donaldson ( 1987), who assurned the existence of an average 
species, noted changes in the physical appearance, dense. growth rate and relative concentrations of the 
species of the biofilm over a period of dynamic experimermtion. Physiologicai changes rnay aiso occur in pure 
cultures. For example, oxygen deprivation (Jensen and Woolfolk, 1985), high temperames (Kolenc et al.. 
1988) and large shock loads of phenol (Tang et al., 1987) may trigger filamentous growth. 
2.2.2.2 Biofilm Thickness 
The biofilm is usually assumed to be uniformly distributed on each particle for modelling purposes. 
Some researchers have noted patchy nivingston. 1991) or highly branched biofilms (Livingston and Chase, 
1989; Patoine. 1989). depending on the substrate or hydrodynamic conditions. The biofilm thickness is also 
assumed to be of average thickness throughout the reactor In practice, bioparticles are not the same size, which 
Ieads to stratification in conventional fluidized bed bioreactors (Andrews, G. F., 1982; Kwok et al., 1998). in 
airlifl reactors, the shear stress and substrate are more unifomly distributed than in conventional fluidized bed 
reactors, so biofilm thickness are expected to be more uniform (Kwok et al., 1998). Typical biofilm thicknesses 
in ICFBRs are in the range of 12-500 pm (Tang et al., 1987; Worden and Donaldsos 1987; Wagner and 
Hempel, 1988, Hermanowicz and Cheng 1990). Biofilm thickness is closely linked with biofilm density 
(Kwok et al., 1998) and will be discussed iunher in Section 2.2.2.3. 
2.2.2.3 Biofilm Density 
Most biofilm models include the assumption of wnstant biofiim density regardles of biofilm 
thickness or location within the biofilm (Howell and Atkinson, 1976; Rittmann and McCarty, 1978. t980b. 
198 1 ; Benefield and Molz, 1983; Suidan, 1986; Suidan et al., 1987; Worden and Donaidson, 1987). However. 
a number of researchers have reponed that biofiIm dry density varies with biofilm t hickness (Hoehn and Ray, 
1973. Tang and Fan, 1987; Tang et al., 1987; Livingston and Chase, 1989; Cheng and Hermanowicz 1990; 
Hermanowicz and Cheng, 1990: Coelhoso et al., 1992). Biofilm dry density is defined as the mass of dry 
biomass (as volatile solids or dry weight) per unit volume of wet biofilm. In general, biofilm dry density was 
observeci to decrease with increasing thickness (Tang and Fan, 1987; Livingston and Chase, 1989; Cheng and 
Hermanowicr 1990; Coelhoso et al., 1992-; Zhans T C and Bishop. 1994b) h m  70-220 kg/m3 for thin 
biofilms (less than 50 prnKTang and Fan, 1987; Livingston and Chase, 1989) to some limiting value (25-60 
kdm3) (Hoehn and Ray. 1973; Cheng and Hmanowicz, 1990; Coelhoso et al.. 1992; Bishop a al., 1995) as 
the biofilm thickness increases, possibly due to endogenous respiration and decay in the inner layers due to 
oxygen or substrate limitations (Hoehn and Ray, 1973). in anottier study, the active outer layer (dry density of 
160 kg/m3) was found to be more dense than the inner layer (density of 81 kg/m3) which was inactive 
(Gjaltema et ai., 1997~). Cheng and Hermanowicz (1990) did not find a relationship between biofilm dry 
density and biofilm thickness, particularly below biofilm thicknesses of 35 Fm; however, they did find a 
decreasing exponential relationship between the average dry density of the bioparticles and biofilm 
thickness. There was considerable scatter in the data for thin biofilms, possibly because they used only 15 
particles per sample. 
Biofilm density also depends upon shear, which influences biofilm thickness, and upon the type of 
microorganisrns Highly branched biofilrns, typical of low-shear systems, consume rnuch of the substrate 
before it reaches the base biofilm, resulting in little growth and lower densities in the inner portion of the 
biofilm (Kaballo et al., 1995). In high shear systems with smooth biofilms. deeper penetration of the 
substrate by diffusion results in higher densities because cells are growing throughout the biofilrn (Horn 
and Hempel. 1997). Also. biofilms with slowly-growing bacteria tend to be more dense. (van Loosdrecht 
et al.. I995a). 
Biofilm densiry for mixed populations has also ben  found to increase with increasing shear stress at 
low substrate loadings (Charackiis and Chriaensen, 1990) and increased abrasion in ICFBRs (Mulcahy and 
Shieh, 1987; Wagner and Hempel, 1988). Biofilm density may also be related to substrate loading (Characklis 
and Christensen. 1990) and biofilm age (Hoeh and Ray, 1973). Kwok et al. ( 1998) have reponed that in 
fluidized-bed airlifi reactors, the biofilm density, thickness and structure are determincd by the balancing 
effects of detachment forces and the biomass surface production rate, which are a result of the carrier 
concentration and the substrate loading. They have found that at high carrier concentrations, thin dense 
biofilms are produced. At high substrate loading rates. the biomass production rate at the surface of the 
bioparticles is higk and the tendency is towards thick, porous, heterogeneous biofilms, unless 
counterbalanced by a high detachment force. 
A number of empirical models have ken  developed to describe the changes in biofilm density, 
although none include the balancing effects of substrate loadiig and detachment force. Benefield and Molz 
(1985) have incorporated a decay-relatai density-change term in their biofilrn model. Using a different 
approach, Tang et al. (1987) camructed an empirical forrelation which was used to calailate biofilm dry 
density as a point property at any radius within the film. Cheng and Hermanawicz (1990) proposed a 
relationship between the dry density of the bioparticie (including the carrier) and biofilm thickness. Wanner 
(1995) pointed out thai the change in deosity with time is likely due ta a change in porosity as the void spaces 
between cell clusters are filled in with growing cells; they presented an ernpirical correlation for the liquid- 
phase fraction. It is not clear if any of these models c m  be transferred to other synems with different carriers, 
microorganisms or hydrodynamics. 
2.2.2.4 Biofilm Activity 
Most researchers have assumed in their biofilm rnodeis that al1 the biofilm is active (Young and 
Bungay, 1973; Saez and Rittmann, 1988; Kim. B. R and Suidan, 1989; Livingston and Chase, 1989). 
However, a portion of the biofilm (up to 900/0 of the biofilm organic carbon (Bakke et al., 1984) or as little as 
3% (Ohashi and Harada, 1996)) may be composed of EPS. The rate of EPS production varies inversely with 
the rate of growth (Robinson, J. A. et al.. 1984), so slowly growing biofilms or the inner layers of a biofilrn may 
have higher EPS concentrations. Negleaing EPS in the biofilm may result in an overprediction of reaction rate 
(Worden and Donaldson, 1987) or may otheMnse distort biofilm kinetics (Bakke et al., 1984). Also, up to 500/0 
of the bacteria present in a biofilm may not be metabolically active (Rittmann et al., 1992). This will depend 
upon the extent of penetration of the substrate and other essential nutrients. Bishop et al. (1995) found that the 
fraction of viable cells decreased fiom 72-91% in the top layer of a biofilm to 3 1-39%~ near the substratum 
interface. Subsequently, Zhang and Bishop (1994b) found that for very thick biofilms (up to 1000 Fm thick) in 
flow ells  only onequarter to one-seventh of the biofilm was active in the bonom layer (althou& biofilms of 
this thickness would not be expected in an ICFBR). Thus, the presence of an inactive fiaction, either due to 
EPS, inactive bacteria or both, should be considered when modelling biofilms. 
Several researchers have inciuded the concept of an inactive Fraction in their models. Kissel et al. 
( 1984) and Gadani et al. (1 993) included inactive fractions in their multi-species biofilm models to allow for the 
production of decay products within the biofilm. The production of inert materiai through the formation of EPS 
was not included. in mal simulations. both models predicted linle change in the inactive fiaction wîth depth in 
the biofilm for thin biofilms (cl00 pm). The mode1 of Kissel et al. (1984) (which did not include detachment) 
predicted variations in the inactive fraction of up to 20% across the biofilm when biofilrn thicknesses became 
large (up to 300 pm) and that the biofilms were substrate- and oxygen-depieted. The resu hs of the simulations 
were not confirmed experimentally. The inactive fiaction of a fùliy developed fluidized-bed biofilm which is 
subject to shearing and abrasion can likely be assumeci to be constant across the biofilm profile and over long 
time penods as long as the biofilm remains relatively thin (< IO0 um) and does not become substrate or oxygen 
depleted in the inner layers. 
2.2.3 Mass Transfer in Biofilms 
Mass transfer limitations significantly affect the performance of biofilm reaaors and their response to 
inhibitory or dynamic conditions. The ef£'ects of both extemai and interna1 mass transfer resistance on substrate 
concentration within the biofilm are show in Figure 2.5, which illustrates the three characteristic substrate 
concentration profiles defined by Rittmann and McCarty (1981). When the biofilm is fiilly penetrated (ie. for 
thin biofilrns or slow reactions relative to the diffision rate), the substrate concentration within the biofilm (S,) 
is qua1 to the substrate concentration at the biofilm surface (S,). In deep biofilms the substrate is depleted at or 
before the particle sudace. In shallow biofilms. the substrate concentration at the surface of the particle is 
between zero and S,. Sirnilar profiles could be constructeci for oxygen and other nutrients. 
2.2.3.1 External Mass Transfer 
The mass transfer of dissolved oxygen to the biofilm is controlled by the resistances of the gas film, 
the gailiquid interface, the liquid film at the gas bubble interfsce, the bulk liquid resistance and the liquid- 
biofilm interface. in a well-mixed system and for sparingly-soluble gases such as oxygeq usually only the 
liquid film and the liquid-biofilm resistances are considered to be of importance. 
In a well mixed systern. only the liquid-biofilm tesistance is considered to be important to the rnass 
transfer of the substrate to the biofilm. 
Liauid Film Resistance 
The main resistance to the transport of oxygen fiom the gas bubbies to the liquid phase is the liquid 
film resistance. The rate of oxygen msfer 6om the gas phase to the liquid phase can be described as: 
where &a is the overail volumetric gas-liquid mass transfer coefficient is the volume of liquid in the 









Figure 2.5. Substrate Profifes Within Idealized Biofilms 
(a) a fblly penetrated biofilm, (ô) a shdlow biofiim and (c) a deeply penetrated biofilm 
(after Gantzer, 1989 and Suidan et al., 1987) 
dissolved oxygen concentration in the bulk fluid. Ernpirical correlations developed to predict KLa in airlie 
reactors are discussed in Section 2.4.2 
Liauid-biofilm Mass Transfer Resistance 
Depending upon system hydrodynarnics, the resistance to m a s  transfer fiom the bulk fluid to the 
surface of the biofilm can be important in biofilm systems (Williamson and McCarty, 1976). The substrate 
transfer rate is expressed as 
where Sh is the bulk submte concentration k, is the liquid-biofilm mass transfer coefficient for the substrate, 
S, is the substrate concentration at the extemal surface of the biofilm and a, is the interfacial area of the biofilrn 
surface per unit liquid volume. The mode1 for the rate of oxygen transfer is given as 
where Cvoh and are the oxygen concentrations in the bulk fluid and at the biofilm surface, respectively, and 
k, is the oxygen mass transfer coefficient across the liquid-soiid boundary iayer. 
Liquid-biofilm mas transfer resistance has been neglected in many biologicai fluidized bed rnodels 
(Shieh, 1980; Stathis. 1980; Mulcahy et al.. 1981. Andrews, G. F., 1982; Park et al., 1984% b; Worden and 
Donaidson, 1987; Hemanowicz and Cheng, 1990; Coelhoso et al., 1992) without establishing that the mass 
transfer resistance was negligible. The importance of liquid-biofilm mass transfer depends upon the rate of 
liquid-biofilm mass uansfer relative to the rate of reaction (which depends on biofilm thickness. density and 
activity) (Tang and Fan, 1987). Thus, liquid-biofiim m a s  transfer should not be considered negligibIe without 
evaluation of the system. 
Liquid-biofilm mass transfer has been found to be important in some airlie ICFBRs (Tijhuis et d., 
1995). Livingston and Chase ( 1989) determined decreases of 1 6-S4% in the substrate concentration across the 
liquid-biofilrn boundary layer. Tang and Fan (1987) found thai neglecting liquid-biofiim mass transfer would 
cause a 15% error in predicting the phenol degradation rate in their experimerrts. From steady-state rnodelling 
studies, Suidan et al. ( 1987) predicted that the influence of the liquid-bioftlm boundas, layer depends upon the 
degree of penetration of a substrate in the biofilm, with l e s  effea with full penetration. Thus the effect of 
liquid-biofilm mass transfer is likely to be more important when there is strong difisional resistance to rnass 
transfer within the biofilm (eg., dense biofilms). Using rnicroelectrodes. Zhang and Bishop ( 1994a) found that 
the extemal mass transfer resistance was significantly reduced when the organic loadiny was increased only 
when the bioftlm was in a diffision-controlled regirne; when the kinetics were reactionantrolled there was no 
significant effect of organic Ioading. 
The presence of the difision boundary layer may also be important even with highly heterogeneous 
biofilms with channels (which are iess dense). De Beer and Stoodley (1995) reportecl that the diffision 
boundary layer in such biofilms was significant at low flow velocities ( les than 0,M mis). The diffision 
boundary layer decreased with increasing flow velocities and increasing surface roughness (Zhang, T C. and 
Bishop, 1994a. Bishop et al.. 1997). Because of the potential importance of liquid-biofilm mass transfer 
resistance, externd mass transfer should not be neglected without carefùl consideration when developing 
dynamic ICFBR models. 
2.2.3.2 lnternal Mass Transfer 
The structure of the biofilm has a profound impact upon how substrate, dissolved oxygen and 0 t h  
numems are transponed through the biofilm. Until recently it was assurned that diffision, as a result of 
concentration gradients, was the sole process by which dissolved companents penetrated the biofilm. Al1 the 
biofilrn modeIs to date empioy diffisive transport exclusively. 
Recent studies using microelectrodes and flow ceils have revealed that liquid flow rnay occur in the 
void spaces found in heterogeneous biofilms, although liquid is stagnant in the cell clusters (de Beer et al.. 
1994a; de B e r  and Stoodley, 1995). For such biofilms, a thrdimensional mode1 for calculating mass 
transport is necessary, because diffusion occws in directions normal to the cell clusters. The horizontal 
component of the dissolved oxygen gradient was as important as the vertical gadient in a micrwlectrode stltdy 
of a heterogeneous biofilm grown in a flow ce11 (de Beer et al., 1994b). Convective transport mua also be 
included. Unfortunately, wnvective transport within biofilrns is pooriy understood. ïhe existence of ceIl 
clusters and channels in the structure does not always imply convective transport; at low liquid flow velocities 
(<O 04 d s ) ,  de Beer and Stoodley (1995) reported that there was no flow in the void spaces and that the 
biofilm behaved as if it were a homogeneous structure with difision as the principal mass transport 
mechanism. Ln the cell clusten. substrate is transporteci by difision only; de Beer and Stoodley (1995) were 
able to characterize the cell clusters as king similar to a gel network with pore diameters of 80 nm Biofilms 
with fairly homogeneous structures are not uncornmon in fluidized-bed airlie reactors. so diffision alone will 
be applied to the transport of substrate through the biofilm. 
Difision within a film formed on a sphencal bioparticle follows Fick's second law mird et al., 1960) 
given as: 
where D4 is the effective diffision coefficient of component c in 
c and r is the radial position within the film.. 
the film. C is the concentration of component 
In his review of diffision uxfliicients in biofilms, Stewart (1998) makes several important 
distinctions. Equation 2.37 applies to a uniform film Biofilms consia of a number of compartments including 
the extracellular aqueous phase, cells. EPS, precipitates. silt or fibrous material and possibiy sas bubbles 
(Stewart, 1998). The concentration C, in Equation 2.37 refers to the volume-averaged concentration of 
cornponent c in the total biofilm at a given radial position, r The effective diffision coefficient described in 
Equation 2.37 is determined fiom transient data. Another parameter. the effective diffisive penneability, L), is 
defined as: 
which depends upon the concentration gradient of the component in the aqueous phase, VC,. The aqueous- 
phase concentration is the one applied to kinetic expressions or that is measured using a diaphragm ce11 
(Stewart, 1998). There appears to be some confusion about this concept in the literature, as many of the 
'effective difision coefficients' appear to have been detennined in such a way to yield the effective 
difisive permeabilities instead. The two parameters have different applications. For reaction-diffision 
analysis. Stewart (1998) suggests the use of the effective difisive permeability. The effective difision 
coefficient is to be used for the anaiysis of unsteady-state behaviour of non-reactive solutes. Thus. when 
substrate with a concentration in the aqueous phase. S. is consumed as it diffuses through a biofilm, the 
appropriate expression is: 
where Rs is a reaction term for the consumption of substrate. 
The effective difisive permeability is dificult to measure. Often it is expressed as  a fiaction of the 
difision coefficient of the component in watm (De D,); this ratio is called the relative diffisive permeability 
D,D, can Vary widely, ranging from 0.05 CO I 1 in the literature (Stewart. 1998) for determinations made 
using intact biofilms. Stewart (1998) attributed the variation in relative effective diffusive perrneability 
measurements to differences in biofilm composition and the chernical propenies of the sotute. He reponed 
that the biofilm density had a significant effect upon the relative diffusive penneability of a wide range of 
solutes. The effect of biofilm density upon De D,. for phenol is shown in Figure 2.6. The effective di ffision 
coeficient (and presumably effective diffisive pemeability) has also been show to vary Hith total biofilm 
thickness (Tang and Fan, 1987; Tang et al., 1987) 
Fan et al. (1990) developed the following correlation between the ratio of diffisivities in the biofilm 
and the water and the total dry biofilrn cell density @,-) [kg/m3]. applied to the range of 12-400 kg/m3: 
This empirical equation was based on their experimental work combined with literature results for different 
types of biofilrns and flocs (fkom 1 1 other sources). substrates and temperatures (between 15-30°C). This was 
used to detennine a point effective difisivity within the biofilrn using a correlation of' dry density VYith biofilm 
thickness. It is likely tfiat many of the biofilms used to develop this correlation, particularly those fiom flat 
surfaces, rotating cylinden and bioflocs, were highly heterogeneous in nature and may have been subject to 
convective transpon as well as difisive transport. 
Beyenal et al. (1997) developed the following comelation for the effective difisivity of phenol , LIsJ- 
[m2/s], in biofilms at 25°C in a differential fluidized bed reactor. 
where .Y, was the biofilm dry density [kg dry micr~or~anismslm'] The effective diffûsivities determined in 
their experiments ranged from 1744% of the value in the medium. The models of Fan et al. (1990) and 
Beyenal et al. (1997) are compared in Figure 2.6. The model of Fan et al. (1990) appears to fit the data 
better 
Figure 2.6. Relative effective diffusive permeabilities in ICFBR biofilrns for phenol usiny the data of Tang 
and Fan ( 1987) [el, Livingson and Chase ( 1989) 1. and Fujie et al. (1979) as cited in Fan et al. ( 1 9 9 0 ) [ ~ )  
(adapted fiom Stewart, 1998). The curves were generated using the models of Fan et al. (1990) [- - - -1 and 
Beyanal et al. ( 1997) [- !. 
Effective diffisivity likely varies within the biofilm profile (Cheng and Hermanowicz, 1990; 
Bishop et ai., 1995; van Loosdrecht et al., 1995a) because biofilm density is not constant. Bishop et al. 
(1995) found that biofilm porosity of a heterogeneous biofilm decreased From 84-93% in the top layer to 
5847% in the bottom layer. There was a corresponding decrease of the effective diffisivity for glucose 
fiom 50-81% of the value in water at the surface to 20-50% of the value in water at the bottom layer. They 
found that a cylindrical model used to describe diffiision througb catdysts worked welf because it allowed 
for varying diffrsivity with depth. 
2.2.3.3 Eflécts of Temperature on Mass Transfer 
Intemal Mass Transfer 
The effect of temperature on the diffisivity of a dissolved substance in water can be described bv a 
modi fied version (Hayduk and Laudie, 1974) of the Wilke-Chang correlation (Wilke and Chang. 1955): 
where Ds, is the diffisivity of the substance in water. M, and p, are the molar mass and viscosity [cP] of 
water. respectively. and b ',, is the molar volume of t he substance at the normal boiling point [cm3lSmol]~ 
The viswsity of water (in ~-u'rn') is ~iven by (Touloukian et ai.. 1975) 
for T in degees Kelvin. 
Extemal Mass Transfer 
The eEect of ternperature on gas-Iiquid mass transfer depends upon the influence of temperature upon 
the driving force and the overall volumetric mass transfer coefficient, &a. The driving force is controlled by 
the saturation concentration of oxygen in water, for which the temperature dependency is known, and the 
concentration of oxygen in the bulk liquid which is in part dependent upon the oxygen uptake rate of the 
micr~rganisms. for which the temperature dependency will be known. There is very little information about 
the effect of temperature on KLQ in airlift reactors in which there are solid particles. Many of the correlations 
for KLa are linked to the superficial gas velocity and the gas holdup. Saxena et al. (1992) investigated the effect 
of temperature in the range of 24-80°C on gas holdup in a bubble column containing glas  beads and concfuded 
that temperature effects could be neglected for particie diameters greater than 0.1 50 mm. The implication of 
this study on the effect of temperature on &a in an airlifl reactor wntaining bioparticles with particle diameters 
pa te r  than 0.200 mm is not clear. 
The effect of temperature on the liquid-solid mass transfer coefficient (ks) in three-phase airlift 
reactors has not been investigated. Because the correlations for ks, described in Section 2.4.2.2, depend on the 
physical properties of the solvent and the diffusivity of the dissolvine substance. adjusting ks by comecting the 
values of DSS,and p, according to Equations 3.42 and 2.43, respectively. is a reasonable approximation. 
2.2.4 Detachment 
Detachment refers to the removal of both cells and EPS fiom the attached biofilm to the medium and 
may result through erosion, sloughng and abrasion. Erosion (the loss of individual or smail groups of celis) 
and sloughing (the loss of large portions of the biofilrn) result from shear and normal forces exerted by the 
moving fluid, as well as intemal biofilm processes such as decay and gas bubbie formation. In an ICFBR 
abrasion resulting fiom particle-particle collisions is the most important detachment mechanism (Tijhuis et ai.. 
1995, Gjaltema et ai., 1997~). 
2.2.4.1 Erosion and Abrasion 
Currently, there is not enough information on the interrelationships between hydrodynarnics, 
abrasion effects and biofilm characteristics to predictively mode1 biofilrn detachment (Wilderer et al., 
1995). Only recently has some work has been done to characterize detachment in three-phase ICFBRs. 
Gjaltema et al. (1995. 199%. c) studied detachment of non-growing bioparticles (0.5-1 mm in 
diameter) with basalt as  the carrier. Although detachment is not necessady the sarne for growing and non- 
growing biotilms (van Loosdrecht et al., 1995a), the results rnay be generally applicable ta the system in this 
mdy. They deterrnined that the specific detachment rate was approximately constant (3 2 x  1 O-' h" ) at various 
bioparticle concentrations as long as the bare carrier concentration was the same. ColIisions with bare 
camer particles appeared to be the dominant detachment mechanism (also reported by Tijhuis et al.. 1995) 
and they obtained a linear detachment rate as a hnction of bare carrier concentration. This agrees with the 
findings of Tijhuis et al. (1992b). who determined that the detachment rate depended upon the particle 
concentration and that the substrate loading influenced the biofilrn thickness, but not the detachment rate. 
Gjaltema et al. (1997b) also reported that the detachment rate was higher for larger particles, because the 
impact of collisions was greater; however, it is not simply a fiinction of size and mas. Surface roughness 
was found to be very important as well (Gjaltema et al., 199%). Sand gains, which had rounded edges, 
caused less damage than irregular and sharp-edged basalt particles of the same size and mass. Although 
gas hold-up and bubble size were affected by the bioparticle concentration, gas hold-up did not appear to 
affect the detachment rate. 
Several detachment rnodels have b e n  developed for idealized ICFBR systems in which particle- 
particle interactions are negleaed (Tang et al., 1987; Gadani et al., 1993). ûther ICFBR models assume that an 
equilibrium is reached between the gowth rate of the biomass and detachment (Kissel et al., 1984; Livingston 
and Chase, 1989); thus the biofilrn thickness is considered to be a constant known value at constant operating 
conditions. However, accurate prediction of the biofilm thickness (and thus detachment rates) under different 
or varying operating conditions is important because biomass loading is an important design parameter 
(Mulcahy and Shieh, 1 987). 
Chang et al. ( 199 1) identified turbulence and attrition tluough abrasion as the rnost i mponant factors 
controlling detachment in a biological fluidized bed reactor. The following empirical model was developed for 
the specific biofilm detachment rate coefficient, r, [day"]: 
r, -- -3.14 - 0.0335~'~ - 19.3 &- 3.46r (2.44) 
where C', is the particle concentration wj, Rr, is the particle Reynolds number (Re,, - dfi pr) and r is the 
liquid shear stress [dyne/cm2] L'se of this model is limited to reactor systems similar to the one used in their 
study (a two phase fluidized bed with glass beads as the support medium). 
Tang et al. ( 1987) developed an empirical detachment model for an interna1 loop airlifl ICFBR which 
depended solelv on the biofilm volume on a single bioparticle (C;<P) Their mode1 
r, = 3.4 x ~ o ' ' ~ , Y ,  
is applicable to their system only under the conditions (ie C, ReP T) for which it was developed. 
NicoIella et al. (1996) reponed that detachment was a strong fùnction of the liquid velocity in a two- 
phase fluidized-bed reactor with sand as a c h e r .  Panicle concentration and liquid shear stress also influenceû 
detachment, but were less significant. Their correlation was based upon dimensionless numben and may be 
tramferrable to other systems; however, it was developeû for a narrow range of values of shear stress (0.14-0-17 
~lm'). 
2.2.4.2 Sloughing 
Detachment through erosion and abrasion (occuning near the upper layer of the biofilm) is a 
continuous process, whereas sloughin~ is a sporadic process involving the removal of large portions of the 
biofilrn, possibly to the leve1 of the support particle. Sloughing is common in biofrlms exposed to low-shear 
conditions (Ohashi and Harada, 1994) in which they fom thick. low-density and heterogeneous stmctures. 
Sloughing has been observed when the biohlm is subjected to concentratecf shock ioadings of substrate (BaCdre, 
1983. Donaldson et ai., 1987) and when interna1 layers of the biofilrn becorne substrate or oxygen depleted 
Wagner and Hempel. 1988; AppIegate and Bryers. 1%) 1 ). Sloughing has been induced by the addition of 
EGTA, a calcium-specific chelant (Turakhia et al., l983), likely because of an important role of calcium in 
preserving the structural integity of the biofilm. Sloughing has aiso been induced by transfemng biofilms 
fiom a medium with a high concemration of calcium (100 m@) to a medium without calcium (Huang, J. and 
Pinder, 1995) 
Sloughing has also b e n  attnbuted to the presence of nitrogen bubbles produced by denitrifLing 
bacteria within the biofilrn (Harrernoés et al., 1980). Using vida monitoring to observe an open channel flow 
reactor, Ohashi and Harada (1994) determined that gas vacuole formation in a denitrifying biofilm was an 
important cause of sloughing. They observed that sloughing was also caused by cavity formation, possibly as a 
result of varying density at the biofilm-substratum interface at high gowth rates. Although sloughing has not 
b e n  attributed to the production of carbon dioxide fiom the oxidation of substrates within biofilms, the 
presence of wbon dioxide in a biofilrn has been noted in an ICFESR degrading phenol where it rnay have 
caused "IiA-out" of the bioparticles (Patoine, 1989). The possibility of "lifi-out" or sloughing due to carbon 
dioxide production would place a limitation on the allowable organic loading to an ICFBR system Wouwel 
and Kossen, 198 1 ; Patoine, 1989). 
Sloughing is not yet well understood (Nielsen and Harrernoés, 1995) and predictive detachment 
models including sloughing have not yet been developed. However, existing biofilm models cm be used to 
predict some conditions under which sloughing may occur, such as substrate or oxygen depletion in the imer 
layers of the biofilm. 
2.2.5 The Efïects of Immobilization on Microbial Kinetics 
It is important to consider the effect of cell attachment on cell physiology and on ceIl response to an 
inhibitory mbstrate such as phenol. In al1 models developed to date. the kinetics of imrnobilized cultures have 
been assurned to be identical to those of suspended ceIl cultures under otherwise the same environmental 
conditions. Undoubtedly. the physiology of attached cells differs fi-om suspend& cells. What is relevant in this 
work is the significance of the impact of any physiolo@d changes of irnmobilization upon phenol 
biodegradation kinetics and the extent to which this should (or could) be included in an ICFBR model. 
Bakke et al. (1984) reported that when the presence ofaccumulated EPS in the biofilm was taken into 
account. there was no difference at a 54'0 level of significance between the rate of uptake of giucose in 
aspended ceil and biofilm cultures of P. aerupnosa as long as the microenvironment of the cells (q. pH and 
substrate concentration) was the sarne. They also reported that when totai biomass (as suspended solids) 
without EPS accounted for was used as a measure of biomass wncentratioq the kinetics of suspended and 
biofilm cultures would have appeared to be different. Thus incorporation of the EPS content of the biofilm into 
a model may be important when applying yield and rate data fiom suspended ceil cultures to biofilm systerns. 
Van Loosdrecht et al. (1990) have critically reviewed the ment literature on cell immobilization and 
have tried to replicate some of the experiments. They concluded that there is no clear evidence of changes in 
cell physiology upon attachent to a surface. Many of the observed effects of biofilms can be attributed to 
mass transfer effects or other changes in the ceIl environment arising 6om biofilrn formation. 
Katel et al. (1985) have also critically reviewed the immobilization literaîure and concluded that 
although under certain conditions the metabolic activities of fiee and imrnobilized cells rnay differ, it is not 
possible to predict how they will differ. Because the reaction behaviour of fiee and immobilized cells is 
essentially the same for so many cases. they suggested that it be assumed that activity does not change upon 
immobilization. 
However. in other studies, immobilization has been reporteci to alter ceIl physiology in ways that may 
affect the response of cells to phenol. Keweloh et al. (1990b) reporteci that the protein to tipid ratio of 
immobilized E. coli K12 was higher than for a suspended ce11 cuiture. with and without phenol in the medium 
(Keweloh et al., 1 M a ) .  This difference in ce11 membrane mcture may increase the rigidity of the ceIl 
membrane and improve the ability of the ce11 to prevem leakage of ceIl wnstituents (Keweloh et al.. 1990b). 
Imrnobilization of ~.rrevr.wae has been found to lower the total unsaturated fany acid level and raise the 
ievels of shorter-chain residues in the cell membrane (Hilge-Rotmann and Rehm 1990). Hilge-Rotrnann and 
Rehm ( 1  990) suggested that these changes may be responsible for the increased tolerance of the cells to ethanol 
(which seems to have a similar effect on cells as phenol). 
AIthough inaeased tolerance of immobilized cells to phenol has been obxrved Weipieper et al.. 
1990, 1991, Keweloh et al., 1990a), it is not clear that it is due to physiologkal changes resulting From 
immobilization or if it is due to changes in the cell environment caused by mass transfer limitations. Heipieper 
et al. (1991) found that for cells immobilized in calcium alginate. similar protective effects were observed with 
1 5 and 3.2 mm diameter beads; thus, the different times of di ffision of substrate (4-chlorophenol in this case) 
into the gel matrix and efflux of K' ions had little effect. The protective et'fect increased however with the age 
of the immobilized culture (and hence the size of microcolonies within the gel matrix) so the effétrs due to 
diffusionai resistances cannot be mled out. 
The previous studies of the effects of immobilization on phenol tolerance did not include 
mewements of kinetic parameters. which would quantitatively demonstrate improved resistance to phenol 
inhibition. Shreve and Vogel (1993) investigated the effects of irnmobilizing Psc?u&moraas fiorescrrts 
degrading toluene and Pseudomortcxr cepecia degrading 2.4-D in a packed-bed immobilizedtell differential 
reactor which allowed for control over substrate mass transfer rates as welI as fluid shear stresses. They 
reponed that the growth and degradation kinnics of 2,+D were unaeaed by immobilization. The degradation 
kinetics of toluene were within 1.2 standard deviations of those for suspended celb. However, the growth 
kinetics for P. ~iioresce~rs degading toluene did change, with intrinsic values for p, and Ks king 3 times 
lower and 30 times higher. respectively, for immobilized cells as compated to suspended cells. Mirpuri et al. 
(1997) reportai that the specific activity (p Yys) of a fke-cell culture of P. pl ida  54G degrading toluene was 
the same as the specific activity of a biofilm in a vapour-phase bioreactor at the same concentration (3 
m@); however, as the biofilrn continued to be exposed to toluene over a three-week period, the activity of' 
the biofilm decreased significantly due to the accumulation of inactive cells as a result of injury or toxicity 
due to toluene. 
The possi bility that phenol degradation or microbial growth kinetics is affecteci by immobi lization 
through changes in ceIl physiology cannot be nrled out. Because carefiili y conuolled studies of immob ilized- 
ceIl phenol degadation kinetics have not been done it is not yet possible to detemine how important this effect 
could be. The assumption that immobilization has no sigificant effect on phenol degradation kinetics has been 
niccesstùlly applied to models of biofilm systems in the past (Tang and Fan. 1987. Tang et al.. 1987; Worden 
and Donaidson, 1987, Livingston and Chase, 1989; Wisecarver and Fan 1989); thus, this simplifjhg 
assumption is likely to be reasonable. 
2.3 Dynamic Conditions in Biological Wastewater Treatment 
Industrial wastewaten oflen vary widely in their characteristics and most wastewater treatment 
systems are not operated at steady state (Daiggw and Grady , 1 982 b; Gali l et ai.. 1 988). 
Under rapidly changing conditions, microbial kinetics do not necessarily foliow baianced-gowth 
kinetics. When the microbial environment is changed (ie. substrate concentration or temperature) not only do 
reaction rates change, but microbial composition. the quantity of enzymes available and depending on the 
change, the synchronization of catabolic and anabolic pathways. Thus. dynarnic microbial kinetics are dificult 
to model. 
The following sections describe the e f k t s  of changing organic loading and temperature upon 
microbial physiology and upon the stability of biological wastewater treatment plants The dynamics of 
suspended ce11 cultures have been most actively investigated because of the importance of the activated sludse 
treatment process. Relatively little research on the response of biofilm cultures to shock loading has been done. 
The results 6om investigations of the response of suspended ce11 cultures to shock loading are reviewed here 
briefly because they may apply to biofilm cultures to some extent. 
2.3.1 The Emects of Changes in Substrate Loading 
2.3.1.1 Microbial Response to Changes in Substrate Loading 
As cells respond to a changing reactor environment during shock loading, they may experience unbalanced 
growth. During unbalanced growth, extensive properties of the system sucti as total protein DNG and RNA, 
increase out of direct proportion to the number of cells (Campbell, 1957). Physiological changes which are 
more subtle than the percemage of lipids or proteins may also occur, such as changes in the type of proteins 
synthesized. 
During unbaiancd gowth, the kinetics developed for balanced growth cultures may not apply The 
following section describes how cells respond to changing conditions. 
Physiolo~kal Reswnse 
Bacteria adapt their physiology when exposed to changes in the nutrient composition of their gowth 
medium by adjusting a number of biochemical components. In suspended cell cultures under steady sate 
conditions, higher growth rates are accompanied by significant increases in RNA content (Schaechter et al.. 
1958; Tempest et aI., 1965; Tempes, 1967. Daigger and Gmdy, 1982a; Yun et al.. 1996). RNA is responsible 
for protein synthesis and the majority of the cell mass is protein; thus, the increased RNA content at higher 
specific growth rates indicates a higher capacity for protein synthesis. DNA levels have been observeci to 
remain the same (Tempest et al., 1965; Tempest. 1967). increase (Schaechter et al., 1958) or decrease slightly 
(Daigger and Grady, 1982a) with increasing specific gowth rate. Cells also tend to be larger (Schaechter et al., 
1958). The carbohydrate level may remain constant (Tempest et al., 1965; Tempest, 1967) or decrease slightly 
@aigger and Grady, 1982a). Depending on the environment, carbohydrate or lipid content rnay increase 
significantly as microorganisms store dycogen and poly-0-hydroxvbutyrate for carbon and energy. 
Under transient conditions. bacteria adjust to new conditions through growth and storage responses. 
Growth involves the oxidation of substrate for energy and for biomass synt hesis, w hereas storage involves the 
oxidation of a smailer portion of the substrate and synthesis of carbohydrate and lipid polyrners for storage. 
Growth Reswnse to Transient Conditions 
Microorganisms may respond to increases or decreases in subsmte loading in a manner called growth 
rate hysteresis (GRH) ('Perret, 1960). GRH is the tendency of the spzcific growth rate to diier Eom the 
predicted steady-sate value at an equivalent substrate concentration during dynamic conditions. In cultures 
with non-inhibitoty subsuates, when substrate concentrations increase, p is less than predicted; when substrate 
concentrations decrease, p is greater. Delayed response in p to changing subsuate loadings in suspended cell 
cuitUres have been reported for pure and mixed cultures with glucose as a subsuate (Aiba et ai., 1967; Gilley 
and Bungay, 1968; Nagai et al., 1969: Young et al., 1970; Blackwell, 1971; Young and Bungay. 1973; 
Sundstrom et al., 1976) and with phenol as a substrate (Yang and Humphrey, 1975; Yongaçogiu et al., 1981; 
Sokol l988b). 
A number of researchers have linked the lags in growth response to delays in adjusting the RNA 
content to that required by the new state (.4iba et al., 1967, Nagai et al., 1969; Young and Bungay. 1973; Chi 
and Howell. 1976; Cooney and Wang, 1976. Perez and Jefies, 1993; Yun et al.. 1996). For example, Yun et 
al. (1996) reported that in response to a three-fold increase in the dilution rate the cell concentration (of fi. cdi 
K-12) decreased quickly to a transient minimum und the cells produced a suficient arnoum of ribosomes to 
support a new higher growth rate. This new level of ribosome content (0.35 dg cell) was developed in 
approximately 5 hours. Daigger and Grady (1 982a) reported that with continuous cultures of P.  put^& (ATCC 
12633). under a vaiety of steady state and transient conditions, the relationship between RNA content and 
growth rate was not adequate to explain the observed response; they suggested that delays in adjusting the 
levels of other unidentified molecules in the ce11 may aîso play a rote in the observed Iags. The lags could also 
be related to metabolic changes in which particulas pathways are induced or shut dom. 
There are conflicting repons about the influence of the initial growth rate upon the response of a 
culture to step incrases in concentration. Daigger and Grady ( 1  9821) reported that the responses of the culture 
depended upon the initial growth rate of the culture pnor to the dimirbance. However, Kjeldgwd et al. (19%) 
reponed that the t h e  lag was independent of spcific growth rate at a given temperature for very diIute 
suspended-cell cultures of Salmonrlla ryphimnirm and E coii (strains K 12 and ML37) in a variety of media. 
in cultures where phenol is the substrate, the lag time may be due to the time required by the bacteria 
to alter membrane structure in response to changes in phenol concentration. increases in proteinflipid ratios 
(Keweioh et al.. 1990b) and saturated to unsaturateci fmy acid ratios (Heipieper et al., 1990; Keweloh et al.. 
1990a) have been observed in ceil membranes exposed to phenol and may help bacteria prevent leakage of cell 
constituents into the media, resulting in dramatic shifts in gadients across the membrane. Restoration of 
-4ients is required for ce11 growth. The time required to restore K- membrane gradients was approximately 1 
hour Weipieper et al.. 199 1). which is in the order of magnitude of the delays describai in the literature. 
Another type of growth response is called the available reaction potential (ARP) which is defined as 
the ability of a culture to rapidly change its growth and substrate removal rate in response to a change in 
substrate loading (McLellan and Busch 1969; Chase. 1977) ratfier than continuing at the previous rate for a 
period of tirne. ARP has b e n  observed in continuous suspended cell cultures that have been subjected to a 
quantitative or hydraulic shock load without any increase in substrate Ievel in the effluent stream, indicating 
that the specific substrate utilization rate was able to adjust imrnediately (Ternpest. 1967; McLellan and Busch, 
1969; Krishnan and Gaudy, 1976, Saieh and Gaudy. (978) Ternpest et al. ( t 967) increased the dilution rate 
fiom O 004 to 0.24 h-' and observed no rise in substrate concentration for one hour McLellan and Busch 
(1969) observai that a step increase did not result in an increase in glucose concentration in the reactor 
Suspended cell cultures rnay also show both GRH and ARFj responses when subjected to shock 
loadings. There are a nurnber of examples in the literature where the value of u immediately afler an increase 
in substrate loading is higher than the preshifl value but less than the new steady state value. which is reached 
der a lag period (Harvey, 1970; Schaezler et al.. 197 1, Chi and Howell. 1976; Chase, 1977). 
Storaae Remonse to Transient Conditions 
Storage is likely to occur under conditions where the growth rate is limited by a nutrient in the 
presence of excess carbon and energy supplies or when a system is operated periodically, such as fiil-and-draw 
activated sludge processes Oaigger and Grady, 1982b). During transient conditions, transformation and 
%orage of intracellular intemiediates may occur to prevent the accumulation of these cornpounds which may 
reach otherwise toxic levels. Alternatively. microorganisms rnay release the intermediate metabolites into the 
medium to prevent intenial accurnulation (Daigger and Grady. 1 982b). 
Metabolic overftow, the cnhanced uptake of substrate and secretion of intermediates, has ben 
observed in a nurnber of systerns grown with excess substrate (Liu, 1998; Xiu et al.. 1998). These cultures are 
normally characterizai by subsuate or product inhibition of growth (Xiu et ai., 1998). Under dynamic 
conditions, the time to reach steady state may be prolonge4 or the transitions between neady nates may be 
oscillatory in nature m u  et al., 1998). Beltrame et al. (1984) report& that in the case of phenol degradation in 
continuous culture, the effluent concentration of phenol depended not only upon the dilution rate, but dso upon 
the influent concentration. They hypothesized that an inhibitory intermediate or decay product is secreted into 
the medium and that its concentration is proportional to the concentration diffaence between that in the influent 
and that in the reactor. Although an intermediate curnpound was not idemifiecl. others have reported transient 
intermediates present in the medium during phenol degradation (Storer and Gaudy, 1969; Rozich and Gaudy, 
1983; Li and Humphrey, 1989; Allsop et ai., 1993; Garcia Sanchez et ai., 1998). 
2.3.1.2 Response o f  Continuous Suspended Cell Cultures to Changes in Phenol Loading 
General Results 
Quantitative shock loading (rapid changes in substrate concentration) and hydrodynamic shock 
loadine (rapid changes in dilution rate) each have the remit of increasing organic loading, however, the eEect 
may not be the same. Manickan and Gaudy ( 1983) reported that altfiough the mass leakage of COD was 
similar for both types of shock loading, higher concentrations of effluent COD were observed for quantitative 
shock loading and higher effluent suspended solids were observed for hydraulic shock loadings. These effects 
cannot necessarily be applied to biofilm systems. 
Three types of response to increases in phenol loading are evîdent in the literature for k l y -  
suspended ce11 cultures. The first is a low level response typically caused by a small step change in the inlet 
phenol concentration or dilution raie (eg. Di+. 15 K' to D-4.20 h*' (Li and Humphrey, 1989) or S,=2M) mgR 
phenol to S+OO mgL (Allsop et al.. 1993)). In such cases, the phenol concentration in the emuent did not 
change and no intermediates were detected in the culture (Yang and Humphrey, 1975; Li and Humphrey, 1989; 
Allsop et al.. 1993; Garcia Sanchez et al., 1998). Depending on the expriment, ceIl concenuations either 
increased to the new steady state (Allsop et al., 1993) or did not change (Yang and Hurnphrey, 1975; Li and 
Humphrey, 1989). 
The second type of response is an intermediate one, to moderate step increases in organic loading (eg. 
D,=û 15 h" to &=û.25 h" (Li and Humphrey. 1989) or S,=3ûû mg/L phenol to SFI 500 mgL using activated 
sludge (Allsop et al., 1993)). Under these conditions Chi and Howell (1976), Yang and Humphrey ( 1975) and 
Li and Humphrey. (1989) reported transient peaks in phenol concentrations and transient dips in ce11 
concentration before a new steady state was reached. In con- other researchers did not observe increases in 
the effluent phenol concentration (Lu and Ganczarcyk, 1984; Allsop et al., 1993); however, transient incr-s 
in the levels of excreted intermediate compounds were reported. These included a compound, which absorbed 
light at 375 nm (Li and Humphrey, 1989), COD (Storer and Gaudy, 1969; Rozich and Gaudy, 1983) or non- 
phenol non-glucose dissolved organic wbon (Allsop et al., 1993). Allsop et al. (1993) suggested that the 
intermediate observeci in their syaem was conizyme A because of a similar UV s p m  Coenzyme A is an 
intermediate in the degradation of phenol via the onho and mera pathways. Li and Humphrey (1989) 
considerd the intennediate accumulating in their synem to be 2-hydroxymuconic semialdehyde, also an 
intermediate in the meta pathway. 
The third type of response occurred when the cultures were exposed to larye sep increases in phenol 
loading (eg D,=û 1 5 hm' to D-4 .33  h" or SI=500 m a  phenol to S-e3 SOO mpR phenol (Allsop et al ., 1993)) 
ln such cases, the phenol concentrations rose rapidly and washout of biomass occurred (Yang and Hurnphrey, 
1975; RoUch and Gaudy, 1983; Li and Humphrey, 1989; AIlsop et al., 1993) In two cases the prediaed 
aeady-state values for p were less than a* (the maximum specific growth rate) and the syaems should have 
been stable (Rozich and Gaudy, 1983; Li and Humphrey, 1989). Rozich and Gaudy (1983) noted that under 
dynamic conditions the spexific growth rate of the culture may overshoot and will be forced pan ,u* (on the 
downward side of the Haldane model in Figure 2.3) and the synem will not be able to recover as the substrate 
concentration increases beyond S.. With the large aep increax in phenol concentration, Allsop et al. (1993) 
did not observe the presence of an excreted intermediate, however, other researchers reponed the presence of 
intemediates during large shock Ioads (Rozich and Gaudy, 1983; Li and Humphrey, 1989). 
It is clear that the responses of suspended-cell cultures to shock loads is not a simple matter. The 
Haidane model. although perhaps appropriate for balanced growth kinetics, cannot describe the phenornena that 
occur during transient States such as GRH, ARP, rnetabolic overflow or Iags in the synthesis of RNA. It is not 
surprishg that many researchers have found that the Haldane rnodel or other balanced gowth models do not 
predict the response of cultures to shock loads (Howell and Jones, 1980; Chiarn and Hanis, 1983; Rittmann et 
al., 1992; Garcia Sanchez et al., 1998). 
Time Delay and Time L a  Models 
The Monod and Haldane equations imply that changes instantaneously with a change in S. In cases 
where the increase in substrate loading exceeded the capacity of the organism to utilize the substrate, time lags 
in growth and substrate utilization have been reponed (Yang and Humphrey. 1975; Chi and Howell, 1976; 
Yongaçoglu et al., 1981; Rozich and Gaudy, 1983; Sokol 1988b: Li and Hurnphrey. 1989). The phenomenon 
has not been well documented for biofilm cultures. 
When steady-state kinetics are used to describe suspended ceil cultures under shock-loading 
conditions, predicted and experimemd transient values for biomass and partinilarly substrate concentration do 
not agree well (Storm and Gaudy, 1969). A number of delay and lag hnctions have ken inwrporated into 
unsteady-state rnodels for suspended celi cultures with varying degrees o f  success. Some of these are lined in 
Table 2.5 
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Al1 of the time delay and lag functions in Table 2.5 were reported to improve the fits of unsteady-state 
models for chemostats to experimental data; however. most models did not predict the behaviour accuately. In 
this regard most of the delay functions did not incorporate substrate concentration or dilution rate. Sokol 
(1988b) pointed out that a problem with the fùnction suggested by Yang and Humphrey ( 1975). Equation 3 50, 
is that p is assumed to be independent of substrate concentration during uns tdy  state. Chiam and Harris 
(1983) have also pointed out hat the idea of a single term representing growth rate immediately afier a step 
change is untested. Also. a time delay hnction may not sufficien~ly describe the dynamics of the culture. 
Chiam and Harris (1983) reported that in addition to a time delay model, they needed to partially decouple the 
uptake and biosynthesis steps in order to fit their models to their dynamic data. 
Historical A ~ ~ r o a c h  
Another approach to unsteady-state kinetics has been the use of the history concept. Sokol and 
Howell (1981) demonstrated that the relationship between p and S depended on the dilution rate (or mass 
loading of phenol) in the reactor eom which the ceils were taken for phenol concentrations ranging fiom 0.1 to 
1000 m&. The largest effects on p were for substrate concentrations less than 50 m@. in a subsequent study 
performed at subnrate concentrations between 1-50 mgL, Sokol(1987) developed empirical equations for the 
Haidane kinetic pararneters (which became variables) based upon the steady state phenol concentration in the 
chemostat in which the cells were originally cultured. An adaptation parameter and a lag cime parameter were 
also included The resulting equation fit the kinetic data significantly better than the Haldane equation with 
constant-value parameters. 
The history approach was compared to the tirne-delay model proposed by Yang and Humphrey (1975) 
in predicting the response of P. pl ich  to step inmeases in phenol concentration and dilution rate in a CSTR 
(Sokol, 1988a). Use of the history model fitted the experimental data for biomass concentration and subsuate 
concentration better than the time delay model. The maximum dilution rate without washout and the 
conesponding feed subserate concentration predicted by the mode1 were about 20% lower than found 
experimental1 y. 
One disadvamage of ths  approach is the large number of experiments that must be conducted to 
determine the relationslips between the HaIdane parameters and culture pre-history. Another disadvamage is 
the relatively high number of parameters that are involved. 
Ot her Models 
Howell and Jones (1980) based their dynamic response model upon an operon type of induction 
mechanism assuming that the maximum uptake rate is related to a critical enzyme tevel within the cells. Thus, 
rather than delays in protein synthesis, the inducer-repressor relationship controls the rate of reaction. The two- 
cornpartment model (which includes an equation for enzyme densiry) was able to predia a lag phase and 
oscillatory growth. 
Garcia Sanchez et al. ( 1998) postulated a dual-inhibition model based upon the hypothesis that during 
concentration shock loads of phenol, an inhibitory metabolic intermediate is excreted to and accumulates in the 
medium. Their model was able to successfully predia the time delays observed experimentally as well as the 
three types of dynamic response discussed previously. The time delays were predictd without the use of a 
timedelay equation. A low-level stable response was predicted for step changes in which the intemediate 
accumulated below inhibitory levets. A medium-level response was predicted for step changes in which the 
intermediate reached inhibitory levels, but the phenol did not inhibit gowth (single inhibition). A high level 
response resulting in washout was predicted when the phenol concentration reached inhibitory levets, which 
added to the inhibition resulting from inhibitory concentrations of the intmediate (double inhibition). 
Alt hou@ the intermediate responsible for the d ynamic response of the systern was not s p i  ficall y identi fied, 
the presence of intermediate compounds in the medium was conftrrned through HPLC analysis and is 
additionally supported in the literature, as discussed previously. 
2.3.1.3 Response o f  Biofilm Cultures to Changes in Phenol Loading 
Physioloaical Remonse 
There is very little information on the response of biofilms to sudden changes in substrate loading. 
Bakke (1983) reported that when a P. aenrgrnosa biofilm in a Roto forque' fmenter was subjected to large 
step increases in inlet substrate concentration. massive sloughing resulted. He determineci that, despite the los  
of biofilm material, the biofilm ce11 numbers remaineci constant, suggesting that oniy EPS was shed by the 
biofilm. The effect was more pronounced when lactate or lactose were used as substrates as compareci to 
gtucose. He suggested that the effect may be due in part to rapid changes in e l 6 c  field because both lactate 
and lactose require H for transrnembrane transport, whereas glucose does not. Biofilm shedding has also been 
observed in a biological fluidized bed reactor treating mal gasification wastewater. in response to prolonged 
pulses of organics (Donaldson et al., 1987). 
General Results 
There is limited information about the effkcts of changes in phenol loading (or any other substrate) on 
biofilm reactors. Severai researchers have used a "black box" approach (Pisano et ai.. 1990; de Mendonca et 
al.. 1992) in which the emuent characteristics of biofilm systems in response to shock loading were evaluated. 
The results of these studies are dificult to apply to othw systems because the responses were highly system- 
specific. Also. the e f f i s  of shock loads on the biomass (ie. morphotogy, thickness. loading) were not 
investigated. Thus, the results are difficult to interpret. 
ûther researchers have developed dynamic modeis of biofilm systems and have performed a limited 
number of dynarnic experiments (Tang et al., 1987; Worden and Donaldson. 1987; Stevens et al., 1989). 
Details of these modeis are presented in Section 2.4.4. It appears that sorne of the trends observed with 
suspended ceIl cultures may apply to biofilm cultures. 
A low level response, similar to thox observed in suspended ce11 cultures, was reported by Tang et al. 
(1987) for a drafl tube fluidized bed bioreactor with P. purici4 as a predominant species. When the in!et phenol 
concentration was i n c r d  by 4û?! (initial concentration not reported), no significant transient response was 
observed and the biofilm thickness did not change. This response may have been due to phenol adsorption to 
the activated carbon used as the carnier. Note that the dilution rate used in this experiment, 2 h", was 
approximately ten times higher than for the dynamic work done with suspended cell cultures. implying high 
robustness of the biofilm system as compared to the suspended ce11 one. 
intermediate responses, similar to those observed in suspended ceIl cultures, have aiso ben reponed 
for ICFBR cultures, although at much higher dilution rates. When inlet phenol concentrations were doubted 
(fiom 49 mg/L and 38 mg/L), relatively small transient peaks in substrate concentration were obsemed by Tang 
et al. (1987). In botfi cases. the biofilm thicknesses increased significantly (fiom 18 and 13 pm to 40 and 48 
um, respectively) over a period of 7.5 hours. 
Worden and Donaldson (1987) also reported an intermediatetype response when a pulse. increasing 
the reactor phenol concentration fiom 10 mg/L to 65 m a  was added to a CSTR operating at a dilution rate of 
3 h" conraining bioparticles fiom a fluidized bed reactor that was operated under the same conditions. The 
phenol uptake rate rapidly increased and then returned to the original level once the reactor phenol 
concentration returned to pre-shock levels Worden and Donaldson (1987) did not report the effects of the 
shock loading, if any. on the biofilm. Tang et ai. (1987) and Worden and Donaidson (1987) measured neither 
COD nor possible excreted intemediates; hence the presence of excreted intermediate metabolites in the 
reaaor. if any, were not detected. 
Unlike the case for suspended ceIl cultures, system failures resulting fkom large step or pulse changes 
have not been reponed for biofilm cultures. Thus. limiting criteria (such as critical dilution rate) have not been 
established for biofilm synems. 
Tang et al. (1987) increased the inlet phenol concentration to their draft-tube fluidized bed reactor 
from 33 mh& to 96 mg/L at a dilution rate of t h". Although the transient phenol concentration in the reactor 
rose sharply fiom approximately 2 mg/t to over 20 m@, the systern recuvered within 30 hours. The biofilm 
thickness increased markedly ttom 30 pm to 159 vm dunng this period, in part duc to the development of 
loosely-packed filamentous bacteria in the biofilm. The development of heterogeneous biofilms with large 
protuberances in ICFBRs as a result of increasing the organic loading has aiso been reported by Kwok et al 
(1998) and Tijhuis et ai. (1996). The protuberances slowly eroded to forrn thinner and smwther biofilms 
(Kwok et al., 1998). 
Worden and Donaldson (1987) subjected a CSTR containing bioparticles from a fluidized bed reactor 
(with a dilution rate of 3 h") to a pulse which increased the phenol concentration in the reactor nom 15 mg/L to 
170 m g L  Tfie substrate uptake rate dropped significantly, possibly due to phenol inhibition and then 
increased as the phenol concentration in the reactor decreased by reaction and convection until it peaked 
slightly above the aeady state value and then stabilked. The bulk phenol concemration in the reaaor reached 
the onginai steady-state value within 1.5 hours. 
If the "large" perturbations used by Tang et al. (1  987) and Worden and Donaidson ( 1987) had been 
larger, perhaps the fluidied bed bioreactors would have failed. However. it is not clear under what 
circumstances the reactors would fail nor what site of the pemirbation is required for systern failure. Unlike 
suspended ceIl culture systems, the limitations of biofilm reactors have not been well expiored. 
Donaldson et ai. (1987) noted that when treating coal gasification wastewater in an ICFBR pilot plant, 
prolongecf pulses of organics (possibly 80-1000/0 strength wastewater instead of 5%) caused sheddiq of the 
biofilm and caused inhibition of the bioactivity of the system. which retumed to normal within 1-2 davs The 
nature and duration of t he perturbations and the system response were not reported in detail More information 
is needed to understand when the performance of an [CFBR becomes compromised, and how the 
microorganisms d d  with perturbations 
Time L a  Models 
Tang et al. (1987) used the time lag model proposed Yang and Humphrey (1975) (Equation 2.49) to 
rnodi@ the predicted response of the model to match experimental results. The parameters were estimated 
from shock-loading experirnents conducted on a suspended cell CSTR under similar conditions. Use of the 
tirne delay model allowed for a better prediction of trends in the substrate concentration in the reactor for a 
range of step increases in substrate concentration. inclusion of a term to account for adsorption of the phenol to 
the activatd carbon canier was also needed to fit the model to the phenol concentration data. No anempt was 
made to mode1 the biofilm or any suspended biornass that may have been in the reactor. 
Worden and DonaIdson (1987) did not use time delay niodels as pan of their dynamic fluidizd bed 
model and they were able to predict the response of the system (for the bulk phenol concentration only) to pulse 
loadings of phenol quite well; however. they reported the results of only two experiments. Stevens et ai. ( 1989) 
did not use a time delay model either. 
2.3.2 The Effects of Temperature Changes 
There is Iittle control of temperature in conventional industrial-sale wastewater treatment reactors 
(Friedman and van Doesburg, 1980). The reactor ternperature is determined by the temperature of the raw 
wastewater and the heat exchange with the environment, which may Vary depending upon meteorological 
conditions and the design of the system (Friedman and van Doesburg 1980). Aithough sudden temperature 
changes in indusuial-sale bioreactors are not likely, significant variations in temperature can occur 6om Aay to 
day (Friedman and van Doesburg, 1980) which may result in unbalanced growth (Chohji et al., 1983). Thus, 
the dynamic behaviour of an ICFBR under conditions of changing temperature may be important. This section 
summarizes the e f f i  of temperature shRs on microorganisms and the results reported for both continuous 
suspended-cefl cultures and biofilm cultures. 
2.3.2.1 Physiological Effects o f  Temperature Changes 
Chançes in temperature can have sipifkant effects on ce11 physiolog. When exponentially gowing 
batch cultures are subjected to shifls in temperatures within the normal range for gow-th cells respond 
immediately to the new growth temperature without a Iag p e r d  mg et al.. 1962. Chohji a al.. 1976). 
However. when temperatures are shified benveen the normal range for gowth and the super-optimal or sub- 
Arrhenius ranges there is a delay in attaining the predicted growth rate m g  et al., 1962). For example. a shi fl 
From 37°C to 12OC caused E. coli to stop growing for four hours before gowth began again at a new rate (Ng et 
al.. 1962). Delays in response have dso been observed in nuuient-lirnited continuous cultures within the 
normal temperature range for growth (Chohji et al., 1983; Yun et al., 1996) For example. Yun et al. ( 1996) 
reported a decrease in the hnctioning ribosome content of E coli K- 12 cells with a lag period of 2 hours, 
accompanied by a decrease of cell mass in a continuous-flow reactor when temperature was shified frorn 33 CO 
37°C. 
Herendeen et al. ( 1979) reported that the concentrations of a large hction of cellular proteins do nor 
Vary significantly within the normal temperature range for gowth; however, outside this range, the 
concentrations of some cellular proteins can be much different. When bacteria are subjected to sudden 
increases in temperature, they synthesize heat shock proteins (Gounot, 199 1 ) which may result in a geater 
degree of themotolerance (h4cCailum et al.. 1986; Julseth and Inniss, 1990). Some bacteria change to a 
fiIamentous phenotype when exposed to heat shock (McCallum et ai., 1986). When bacteria are subjected to a 
sudden decrease in temperature they synthesize cold shock proteins (Gounot, 1991) and cold acclimation 
proteins (Whyte and Inniss, 1992), which prepare the cells for growth at lower temperatures (Jones et ai.. 1987). 
Psychrotrophic bacteria synthesize unique proteins which may help them fiinction at low temperatures (Potier 
et al., 1990). 
Bactena also rnay increase the proportion of unsaturated fatty acids in their cell membranes to 
maintain membrane fluidity when temperatures are decreased, although not ail bacteria have been shown to do 
so (Herbert, 1986). iag periods accompany changes in membrane composition For example, A. globfonnrs, 
which has only saturated fatty acids in its membrane at 32°C. experienced a lag in growth when shified fiom 
32°C to 2°C untiI the proportion of unsaturated fatty acyl residues increased to 20% (Canillac et al., 1982). 
2.3.2.2 Effects o f  Temperature Changes in Suspended Cell Cultures 
The response of continuous, substrate-limited cultures to temperature shocks is complex and dificult 
to model. System response appears to depend upon the sire of temperature change (Ryu and Mateles. 1968). 
the direction of change (Topiwala and Sinclair. 1971). the preshift specific growth rate (George and Gaudv, 
1973, Gaudy, 1975; Visser et al.. 1993). the ecology of the synern (Visser et al.. 1993) and the postshifl 
temperanire relative to the optimum temperature or normal range for growth (George and Gaudy, 1973, Carter 
and Barry, 1975; Gaudy, 1975). 
Small changes in temperature (5 IOOC) appear to have little effect on some continuous cultures. Ryu 
and Mateles (1968) reporteci that the specific growth rate increased and decreased in response to small step 
increases and decreases in temperanire, respectively, before reniming to the initial steady-state value 
corresponding to the dilution rate. Transient maxima and minima in p were observed within 1 . S  hours of the 
step changes. Substrate (ammonia) concentrations in the reactor reached new steady-state values within 8 
hours ( at dilution rates of 0.635. 0.347 and 0,504 h"). Caner and Berry (1975) reponed no inhibition of COD 
degradation for activated sludge units with milk as the subsnate for srnall changes within the mesophilic or 
thermophilic range (depending on the culture), aithough lags in response in the order of two hours were 
reponed. When a mixed culture with glucose as a substrate was subjected to a temperature increase ftom 25°C 
to 36°C. George and Gaudy (1973) observed oniy a slight fluctuation in effluent COD and biornass 
concentration before new steady-state vaIues were reached. 
The magnitude of the temperature change does not aiways indicate the type of response. George and 
Gaudy ( 1  973) reponed that with a shifi 60m 25OC to 17OC (only 8T) for a culture at a dilution rate of 0.25 h-', 
there was severe disruption of ceIl metabolism men 40 houn &er the shifk, with leakage of intemediate 
metabolites. Effluent COD concentrations did not recover by 2 0  hours a e r  the shifl. The same temperature 
shiR with a slower growing culture (M. 125 h") resilted in only a small transient increase in COD George 
and Gaudy (1973) also reportal similar results for a shift fiom 25°C to 47°C. The culture with the higher 
dilution rate ( M . 2 5  h*') displayal larger transiems than the culture with the lower dilution rate (M. 125 h"). 
Thus they concluded that slower growing cultures are able to adapt more easily to temperature shock. The 
implications of these findings on the response of ICF8Rs (which operate at higher dilution rat- but possibly 
low growth rates within the biofilm) are not clear. 
Large temperature shoc ks can cause severe upsets. part icularl y if the postshi fl temperature is outside 
the usual range for growth. Both George and Gaudy (1973) and Carter and Barry ( 1975) reported significant 
inhibition of COD removal when mixed cultures were shified fiom the mesophilic to the thermophilic range. 
Carter and Barry (1975) reponed complete inhibition of COD removal when the temperature was shitled down 
fiom the thermophilic range to the mesophiiic range. Gaudy (1975) also reported washout without recovery 
aiter 200 hours when a mixed mesophilic culture was subjected to a temperature shifl from 25°C to 8°C. 
Time L a  Models 
Topiwala and Sinclair (1971) used a first-order tirne lag model to account for the lag in response 
observed in their temperature shift experiments They determined relationships between their kinetic 
parameters and temperature for steady state conditions, and substituted an eféctive tempenmre (T') to mode1 
unsteady state conditions. They used the following expression for T' 
where jr, is the initial temperature, AT is the change in temperature (in either direction), t is time and r is a time 
constant. They obtained values for r of 0.83 and 1 43 h for I O  Co shifis down and up, respectively. Because 
there is no basis for the choice of r ,  except as a cuve fitting parameter af?er the fact. the time Iag mode1 used 
by Topiwala and Sinclair (197 1 ) is not usefùl for aprrorr predictions. 
2.3.2.3 Effects of Temperature Changes on Continuous Biofilm Cultures 
1lere is linle information on the efl'ects of temperature changes on the performance of LCFBRs or 
other biofilm reactors. Results with flocs in activated sludge plants suggests that there are likely making 
effects on microbial kinetics due to temperature effects on the difision of oxygen and substrates. Eckenfelder 
and Englande (1970) observed that at high temperatures. only a smail portion of the floc was active due to 
oxygen depletion as a result of hi& respiration rates, whereas, at Iow temperatures, substrates and oxygen 
difised deeper into the floc due to the lower uptake tates. Thus n is possïbIe that the overall performance of 
the plant may be comparable under both warrn and cool conditions, even if the inüinsic kinetics are different. 
In fluidized-bed reactors treating chlorophenolic-contaminated goundwater, Melin et al. (1998) 
reported that although the substrate uptake rates were highly influenced by temperature in batch tests. the 
removal efficiencies were not influenced by temperature during continuous operation down to temperatures 
of 4°C The systems were operated at steady state for the most part. with small transitions (24°C) 
between steady states; thus. the dynamic response to temperature changes could not be assessed .Uso. the 
dilution rates used in the experiments were not specified, but they may have been very low. Larger shifts 
between steady states or shifts at higher dilution rates may have resulted in more sensitivity to temperature. 
2.4 Immobilized-Cell Fluidized-Bed Reactors (ICFBRs) 
2.4.1 General Characteristics 
ICFBRs are biofilm reactors in which smalf particles, sorne which are covered or partly covered by 
microor@sms. are fluidized by the movement of process medium and gas bubbles. ICFBRs are charactenzed 
by high biomass holdups - up to 30000 to 40000 mg VS/L (Mulcahy et ai., 1980) (compared to 1500-2500 mg 
VS/L for activated sludge systems); this is due to the high surface areas available for biofilrn formation (above 
3000 m'lm') (Mulcahy et al.. 1980). The high biomass holdup coupled with retention of the biomass on 
support particles results in cost savings due to higher dilution rates without the danger of washout, smaller 
reactors, and shorter tratment times. For example, the volumaric phenol degradation rate in an ICFBR is 5-10 
times higher than in an activated sludge system (Donaldson et al., 1987). Donaldson et al. (1987) have 
estimate- that the fluidized bed process rnay require ha1 f the capital investment and half the operat ing costs of 
an activated sludge process for the treatment of coal conversion wastewater. 
Advantages of an ICFBR system over other biofilm systems include 
higher extemal mass transfer rates (Stephenson and Murphy. 1980) 
uniform solids distribution (Stephenson and Muphy, 1980) 
Iower pressure drop through the system 
higher surface area for biofilm formation 
no need for fiequent backwashing to control biornass thickness. 
Although ICFBRs have been operated at Ml sale in secondary treatment (Mulcahy et ai., 1980; 
Stathis, 1980; Burton and Ravishankar, 1989) and industrial wastewater treatment (Burton and Ravishankar. 
1989; Heijnen et al,, 1990; Sutton and M i s h  1990) applications for over fifieen years. much work remains to 
characterize and establish a sound basis for desim optimization, and control of 1CFBRs Most of the research 
on aerobic wastewater treatmcnt has focused on denitrification applications (Harremoes et al., 1980; Mulcahy 
et al., 1980; Stephenson and Murphy. 1980; Denac et al., 1983; Mulcahy and Shieh 1987; rRtatova et al.. 
1992). but has also included the removal of toxic (Amin et al., 1991; Suidan et al.. 1991. Iwami et al., 1992; 
Voice et al., 1992; Clarkson et al., 1993) and inhibitory (Tang and Fan, 1987; Wagner and Hernpel. 1988. 
Etzensperger et al.. 1 989; Livingston and Chase. 1989) contaminam. General c haracterist ics of ICFB Rs are 
descnbed in Table 2.6. 
Table 2.6. Characteristics of Selected ICFESR Systems 
Source Substrate SuPp0rt Biofilm Biotilrn Solids Biomass 
Material Thickness [pm] Density [mg Holdup Loading 
DW/ cm'] [%v/v] [@W/L] 
Tang and Fan ( 1 987) phenol activated 1238 72-151 4.8-8.0 1.5-3.2 
car bon 
orden and phenol coal 180-210 6-7 
onaldson ( 1987) 
phenol celite 23-26 14 1-22 9.75 13.6-21.6 
ulcahy and Shieh municipal wastewater, @ass beads 40- 1200 IIL) 21-58 5-16 methanol, sodium nitrate 
Ilsrcvens et ai. ( 1989) secondary effluent sand 50-68 13 
sand 35-45 g'L 3.5-6.0 
synthetic coke plant 
wastewater 
activated - 27-33 g/L 6.0-8.7 
carbon 
molasses activated 800 60 10-14 
carbon 
Ibyhiner et al. ( 1988) glucose-yeast hydrolysate sand 7- 14 2.4-3.5 
agner and Hempel napthalene-2 sulfonate sand 65-85 3-7 
Patoine ( 1989) phenol sand 20-39 20 O. 8 
Heijnen et al. (1 990) industrial wastewater sand 50-100 200 Q/L 1 5-25 
(ammonia, sulphide, 
COD) 
Overall Mass Balances 
A general schematic representing the ICFEIR as a completely mixed system is shown in Figure 2.7. 
The assumption of cornplete mixing of the liquid phase has been show to be appropriate for %phase airlifi 
reactors (Tang et al., 1 987). 
For a wntinuous well-mixed bioreactor containing both immobilized and suspended biomass, the 
following general material balances apply. 
Balance on substrate (3: 
Balance on suspended biomass (.Ys): 
Balance on immobilized biomass (Xh. 
where D is the dilution rate (BQ Tt), %, is the rate of detachment of cells fiom the biofilm and & is the rate 
of adhesion of cells to the biofilm. Whereas ph refers to the specific growth rate of cells bas4 on the bulk 
substrate concentration according to the Haldane hnetic model pf in this contex reîèrs to the same parameter 
averaged over the depth of the biofilm. The parameters pb and pf are different in this context due to the 
substrate concentration gradient that exists within the biofilm (i.e. the substtate concentration in the bulk Buid 
and biofrlm are different). The biofilm mode1 is developed in more detail in Section 4.2. 
2.4.3 Airlift Reactors 
Airiift reactors are pneumatic reactors in which the fluid is circulated in a loop caused by the 
difference in hydrostatic pressure between the bottom of the riser and the bottom of the downcomer (see Figure 
2.8); this pressure results f?om the difference in fiactional gas holdup between the r isa  ( e . r )  and downcomer 
Figure 2.7. Schematic of an ICFBR as a well-mixed reactor where Q, X, and S refer to the flow rate, 
biomass concentration and substrate concentration, respedvely, and the subscripts O, s,f, b, and e refer to 
the feed, suspension, biofilm, bulk reactor and emuent, respectively. VL is the Iiquid volume of the reactor. 
(+&. Airlift reactors offer several adva~ages cornpared to traditional biological fluidizeû bed reactors. High 
reactor vo!urnes can be accommodated at high aspect ratios without sacrificing mixing (Joshi et al., 1990). 
Airlie reactors also provide relatively consistent shear stress exerted on bioparticles throughout the system 
(Siegel and Robinson, 1992). which should ailow for b a e r  control of biofilm thickness and should avoid the 
problems with wide variations in biofilm thickness and stratification found in traditional biological fluidized 
beds (Shieh, 198 1 ; Kaballo et al., 1995). 
Successtul use of an imrnobilized culture for the biodegradation of a contaminant depends on the 
following reactor charactefistics (Patoine, 1989): 
sufficient gas-liquid mass tramfer for oxygen, 
suficient mass transfer of nutriems to the inner layers of the biofiim and transport of 
dissolved carbon dioxide to the bulk fluid, 
a balance between substrate surface loading and detachment (Kwok et al., 1998), and 
retention of bioparticles in the remor. 
Thus knowledge of the mass transfer and hydrodynamic characteristics of airlifi reactors is important 
so that design and operation variables such as biofilm thickness, bulk substrate concentration and substrate 
concentration profiles within the biofiIm can be predicted. 
CurrentIy there are many design correlations for airlift reactors in the literature for key hydrodynaniic 
variables (liquid circulation velocity and gas holdup) and m a s  transfer characteristics; however, many of these 
are limitai to specific types of airlifl reactors or specific systems (Siegel and Robinson, 1992). The following 
sections sumrnarize the effects of various parameters on the phase holdups and rnass transfer that will be 







Figure 2.8. External-loop Airlifi Reactor 
2.4.3.1 Phase Holdups 
n e  solid ( E ~ ) ,  liquid (q) and gas ( E ~ ; )  phase holdups in a three phase system are related by the 
expression, 
Solid Holdu~, €9 
Generally, the arnount of solid particles added to the system is known and the solid phase holdup (for bare 
support particles only) can be defined as 
where Mp is the mas of particles added to the system. pp is the panicle density. and IR is the workinç volume 
of the reactor (expressed in cm3 in this case). If the solid particles of radius r, are covered with a biofilrn 
resulting in a bioparticle radius of rfi can be defined as 
where m, is the mass of one solid particle and pb, is the wet density of the biofilm. The typical range for ES in 
ICFBR synems is 5- 1 5%. 
Gas Holdup, cc; 
Most data and correlations for in airli fi reactors and bubble colurnns have been developed for two- 
phase systems in which there are no bioparticles. Average gas holdup is dependent upon sparger design, liquid 
phase physical properties, trace irnpurities, column geornetry and superficial phase velocities (Joshi et al., 
1990). 
There is conîlicting information in the literature about the effect of solids on gas hotdup in bubble 
colurnns and airlift reactors. Several researchers have reported that the presence of particies had IittIe or no 
effect on gas hoIdup (Sun et al., 1988; Jian-an and Nieuwstad 1992; Kochbeck et al., 1992; Saxena et al., 1992; 
Potthoff and Bohnet, 1993). Many others have reponed that the addition of solids resulted in a reduction of gas 
holdup (Godbole et al.. 1983, Fan et al., 1984; Koide et al.. 1984. Herskowitz and Merchuck, 1986; O'Dowd et 
al., 1987; Schumpe et al.. 1987; Ryhiner et al.. 1988. Tang and Fan. 1989. 1990; Savena et al.. 1992). 
The effect of particles on yas holdup is complex and not well understood. Sauer and Hempel (1987) 
reponed that three results - no e f f a  enhancement and reduction - were possible in a bubble column, 
depending upon the particle characteristics, solids fiaction and superficial gas velocities chosen. They found 
that with panicles with low densities (~,<1300 kg/m3). at low superficial gas velocities ( I<U& cmh) and at 
solids fractions less than 100/o v/v, the average gas holdup was higher than for the two-phase case. At higher 
particle densities, solids fiactions and gas velocities, a reûuction was observed. These results are reasonably 
consistent with the litmature reports. Most of the reductions in gas holdup were in systems in which dense 
particles such as sand, glass beads or aluminum oxide were used. Gjahema et al. (1997~) reponed that in a 
three-phase intemal loop airlifi reactor containing bioparticles the gas hold-up decreased linearly with the 
concentration of the bioparticles (40-125 g/L bare carriers) to approximately half of its value without 
bioparticles present. They aiso noted changes in bubble size,  as recirculation and observable turbulence 
particularly at high biofilm thicknesses. Despite the chanyes in sas-hold-up and flow characteristics, the 
specific detachment rate was not affecteci. In contrast, Heijnen et al. (1990) did not observe any systematic 
effect of sand concentration in the range of 50-250 g/L on gas hold-up in a pilot-de internai-loop airlifi 
reactor. Clearly, the effects of bioparticle characteristics and concentrations upon gis-holdup, bubble size and 
hydrodynamics are not well understood in ICFBRs. 
Bioparticles are characterized by relatively low densities due to the presence of the biofilm, which has 
a wet density close to that of water. Correlations which have been developed for two-phase systems or for 
those developed specificaily for high-density particles do not necessarily apply to systems with bioparticles. 
Currently there are few correlations which can be used for systems with low-density particies. Several 
correlations for gas holdup in the-phase bubble columns containing solid particles have been developed 
which include fluid properties and reactor geometry (Koide et al., 1984; Sauer and Hempel, 1987; Sun et al., 
1988). 
Patoine (1989) investigated gas holdup in the gIass airlifl reactor that was used in this study with sand 
as the canier. She reported chat the gas holdup was unaffected by sand concentrations in the m s e  of 0.4 to 8 
gjL and superficiai gas velocities in the riser of up to 6 crnls. Patoine (1 989) also reported that the salts and the 
phenol (which was used as the substrate) did not sigificantly affect the gas holdup compared to results 
obtained for water A correlation was provided between the gas holdup (E,) and the superficial gas velocity in 
the riser (ut;,,) (cm.s] 
The experimental results upon which the Equation 2.61 was b a d  agreed reasonably well with the predictions 
of other empincal correlations (Begovich and Watson 1978; Chiai and Moo-Young, 1987). 
Liciuid Holdu~. EL 
The liquid-phase holdup can bc easily detennined once CS and E,; are known using the rela~ionship in 
Equation (2.58) 
2.4.3.2 External Mass Transfer Correlations 
The succ~sft l  operation of an airlift ICFBR to degade phenol with P. purida Q5 depcnds upon 
eficiently transfemng oxygen h m  the air bubbles to the bulk fluid and tramferring oxygen, phenol and 
nutnents through the liquid-biofilm boundary layer to the biofilm surface and into the biofilm by diffision. 
These processes were discussed in deuil in Section 22.3. The exremal mass transfer coefficients KN and k,. 
described in Section 2.23.1 depend upon the reactor type, fluid characteristics and operating conditions. 
External mass transfer correlations for systems similar to the ICFBR used in the current research will be 
discussed here. 
Overaf 1 Gas-1 i~uid Volumetric Mass Transfer Coefficient Kg 
The o v d l  gas-liquid volurnetrîc mass transfer coefficient. &a* depends upon the propenies of the 
liquid and bioparticles as wdl as reactor gmrnetry and operating conditions. Much of the work on KLa in 
bubble columns and airlifl reactors has been done on systems without particles. 
Jian-an and Nieuwstad (1992) reponed that the presence of basalt particles (dp=û.245 mm) did not 
affect KLa values in an intenial-loop airlift reactor, however, their particle concentrations were small 
(0.0WX~flO-03 vlv). Other researchers have reponed reductions in KLa values due to the presence of particles 
(Koide et al., 1984; Nguyen-Tien et ai., 1985; Schumpe et ai., 1987; Ryhiner et al., 1988; Sun and Furusaki 
1988; Sun et al., 1988; Tang and Fan 1990). partidarly for small particles (0.05-%$,~1 mm) (Nguyen-Tien et 
al., 1985). was reponed to decrease with increasing solids concentration (Koide et al.. 1984; Nguyen-Tien 
et ai., 1985; Herskowitz and Merchuck 1986; Ryhiner et al., 1988; Sun and Furusaki, 1988, Sun et al.. 1988) 
Ryhiner et al. (1988) reported that the presence of sand particles ( 0 . 2 3 < 0  3 mm) reduced &a by up 
to 60-700/;i over a range of gas flow and solids holdup (0.07<~~<0.14) in a fluidized bed reactor. The presence 
of a biofilm on the sand particles increased values of &a (over those with only sand present) by 10-15%. 
however, the Klp values were much less than those without sand present. They found that the correlation 
developed by Nguyen-Tien et al. (1985) for small glass beads in a bubble colurnn (Equation 2.62). fit the data 
for biofilm-covered pmicles quite well. 
w here. 
Notc that K f i  is based on the dispersion volume as opposed to the liquid volume in the reactor. 
ûther correlations have been developed as well. The following are companion correlations to those 
developed by the same researchers for sas holdup; thus the correlations were deveioped using the same 
expenmental systems and the variable and parameter definitions are the same. Sauer and Hempel (1987) 
proposeci the following based on a variety of particle densities 
where K. BI ,  B2, and B: are dimensionless constants dependent on the sparger type. r;, is the kinematic 
viscosity of the slurry [m2/s]. is the radial momentum transfer coefficient [m'ls]. C, is the panicle 
concentration in the reactor [kg/m3], and C, is the particle concentration over the sparger [k@m3]. 
Equation 2.65 did not fit the data of Koide et al. (1984) well in the lower range (for K p  values below 0.05 i l )  
but fit the data better for higher &a values. Sun et al. (1988) proposeci, 
where LIo., is the diffisivity of oxygen in the liquid. Equation (2.65) applies for systems with Froude nurnbers 
in the range of 0.01-0 O8 and agrees reasonably well with the results of Koide et al (1984). Koide et al. (1984) 
proposed the following correlation for their system 
Liauid-Solid Mass Transfer Coefficient. k5 
Transfer of substrate and nutrients fiom the bulk fluid to the exterior surface of the biofilm has been 
shown to be an important consideration in several ICFBR systems (Tang et al.. 1987; Wagner and Hempel, 
1988; Livingaon and Chase, 1989). The mass transfer characteristics of fluidized three-phase systems have 
been investigated by a number of researchers using a variety of system configurations and conditions. which are 
described in Table 2.7. General correlations for the Sherwood number (Sh which includes the liquid- 
solid mass uansfer coefficient (ks) for these systems, are listed in Table 2.8. The correlations relate the 
Sherwood number to the Schmidt number (Sc.-u8DL) and some form of the Reynolds nurnbzr depndiny u p n  
the theory used to develop the correlation. 
Kolmogoroff s theory of isotropie turbulence (described by Hirue, 1975), has been used to explain the 
mechanism of liquid-solid mass transfer in a nurnber of three-phase fluidized bed systems (Siinger and 
Dechwer, 198 1; Arten and Fan, 1986; h t o  et al., 1989; Livingston and Chase, 1990; Gaspillo and Goto, 199 1 ; 
Mao et al., 1992). It is assumed that the conditions of isouopic turbulence, in which the energy dissipation per 
unit mass ( c ' )  is independent of the nature of the buik liquid flow, applies to the systems. Several researchers 
have pointed out that this assumption is likely to be invalid under typical operating condàions (Sanger and 
Deckwer, 198 1; Artm and Fan, 1986; Livingston and Chase, 1990) and that Kolmogoroffs theory may not 
include al1 factors which influence kS. (Jadhav and Pangarkar, 1988). However, this theory has been applied 
successfùlly in liquid-solid mas  transfer correlations for a vmiety of systems. 
Another approach has been to use the particle Reynolds number (Rq, ~ t d ~ p :  u , )  (Jadhav and 
Pangarkar, 1988, 199 1; Kushalkar and Pangarh, 1994). Jadhav and Pangarkar (1988) used the hindered 
setting velocity. u, to represent the particle vetocity under turbulent conditions. however, in subsequent work 
with larger coiumns they used the average turbulence intensity, u : because they discovered a dependence of icp 
on column diameter (lad hav and Pangarkar, 1 99 1 ). 
Table 2.7. Fluidized Three-phase Systems for which Solid-Liquid Mass Transfer Correlations have been 
II Reference 1 Syaem configuration System cornponents ûperating conditions 
agitateci vessels and benzoic acid, pnapthol, 0.005~~&0. 17 m/s 
bubble columns KMnOJ in water; E R  in HCI 0 . 0 6 0 ~ 4 ~  1.10 mm 
solution 300<Sc<400 
Arters and Fan ( 1986) 3-phase fluidized bed benzoic acid and water (%&<O. 1 3 m/s 
1960<Sc<3 500 
2 . q 4 . 0  mm 
1 Livingdon and Chase 
- 
E R  in HCI solution O 6 5 5 3 ~ 1 .  120 mm 
reactor Sc= 143 
5<es<100/o 
0 . 0 0 5 ~ ~ ~ 0 . 0 5  m/s 
Jadhav and Panykar 3-phase fluidized bed benzoic acid in water. glucose. //O[ (&=O. 1 m) CMC 
Kushalkar and 
Pangarkar (1 994) 
Goto et al. (1989) 
Jadhav and Pangarkar 
, (1991) 
Mao et al. ( 1992) 
i n t e d  toop aidifi benzoic acid in water 0.55(h&<2.234 mm 
reactor 0.08<uc<0.35 mis 
~ 4 . 5 %  
internal loop airlift E R  + water + NaOH 
reactor 
3-phase fluidized bed benzoic acid in water, glucose. 0.554,<0.92 mm 
(&=O 1-0 4 m) CMC 
extenial loop airlift benzoic acid coated ny lon-6 Wk<O O8 m/s 
reactor particles in water O.3<cs<3.5% 
4=3.8 mm 
CMC - carboxymethy lcellulose 
E R  - ion exchange resin 
Table 2.8.  Correlations for the Sherwood Number in Fluidized 3-Phase Systems 
Reference Correlation 
Sano et al. ( 1974) ' 1 
Sh - <0,(2 - 0 . - l l T ) r  SC' ! 
v 
Sanger and Deckwer 
t 1981) r 
Mers and Fan ( 1986) 4 1 &dP p l w ~ ~ ' )  Sh - @/2 - O.69Y7 (2.69) 
v 
Livingston and Chase 
(1990) 
Jadhav and Pangarkar 
(1988) 
Goto et al. ( 1989) 
Mao et al. ( 19%) 
1 Kushalkar and Pangarkar 
In generai, the ks values determined for airlifl reactors (both interna1 and extemal loop configurations) 
are higher than those determined for bubble columns (Goto et al.. 1989, Mao et al. 1992; Kushdkar and 
Pangarkar. 1994), fluidized bed reactors (Mao et al.. 1992) and stirred tank systems (Mao et al , 1992) 
2.4.4 Unsteady-state ICFBR iWodels 
The dynarnic behaviour of ICFBRs has been examined by several research groups using unsteady- 
state models as a basis for discussion (Park et al.. 1984b; Tang et al.. 1987, Worden and Donaldson, 1987. 
Stevens et al., 1989; Gadani et ai., 1993). A sumrnary of the important features of these unsteady-state 
models is presented in Table 2.9. 
The complexity of the modeis varied greatly - from the relatively simple model of Worden and 
Donaidson (1987) with 18 pararneters, to the complex model of Stevens et al. (1989) which included the 
kinetics of two microbial species, with multiple substrates incorporating both pH and temperature effects, a 
mixing model which approximated the observecl residence-time distribution of the system and a fluidization 
model with predicted bed height (33 parameters not including those for temperature effects and the fluidization 
model). The unsteady-state models will not be examined in detail; however, important results and features will 
be discussed. 
ExDerimemal Verification Results 
The nurnber of experiments used to veri@ the models is very limited. Park et al. ( 1984b) and Gadani 
et ai. (1993) provided simulations but did not c o n f i  the model predictions. However. with the available data, 
some observations can be made. 
Tang et ai. (1987) reported significam increases in biofilm thickness due to step increases in substrate 
concentration (eg. 18 to 40 vm within 30 hours after a 1W/o step increase in phenol concentration). This 
demonstrates the importance of allowing for biofilm growth in an unsteady-state model. m e r  researchers 
(Worden and Donaldson. 1987; Stevens et al., 1989) did not report biofilm thickness increases; however. it is 
possible that biofilm thickness was not measured during their experiments. Note t h  models which include 
biofilm growth but do not include detachment (eg Park et al., I984b; Worden and Donaidson. 1987; Stevens et 
al.. 1989) result in unbounded biofilrn gowth, which is not reasonable. 
Table 2.9. Cornparison of Unsteady-state ICFBR Models 
Assumption 1 Condition 
S ystem: 
Reactor type 




Number of parameters 
Hydrod ynamics: 
Mixing rnodel 
Shearing / detachrnent of 
biofilm 
Kinetics: 
Number of species 
Microbiai kinetics 
Cell maintenance 1 decay 
Time las 
Mass transfer: 
Gas-liquid mass tram fer 
Liquid-biofilm mas  transfer 
Biofilrn properties: 
Unifom biofilm density 
Worden and 
Donaldson ( 1 987) 















tram fer raistance 
considered negligible 
yes - Dr L),=c).24 
2 pulse experirnents 
activated sludge 
Tang et al. ( 1987) 








evaiuated From steady-state 
model 
1 
dual (substrate and oxygen) 
included wit h detachrnent 
fiinction of biofilm 
thickness 
yes - related to biofilrn 
thickness 
4 step change experiments 
mixed culture with P. put& 
Park et al. ( t 984b) 





24 for back-mixed rnodel 
CSTR or plug flow 
considereâ negligble 
1 
dual (substrate and oxygen) 
and product formation 
considered ngligi ble 





Table 2.9 continued 
Assumption / Condition 
System: 
Reactor type 




Number of parameters 
Hydrodynamics: 
Mixing model 
Shearing 1 detachrnent of 
biofdm 
Kinetics: 
Number of species 
Microbial kinetics 
II Cell maintenance / decay 
Gas-liquid mass transfer 
Liquid-biofilrn mass transfer 
Uni form biofilm density 
Uniform biofilm diffisivity 
Expenmental verifkation I l  
Stevens et al. ( 1989) 





33 for 3 species (without 
fluidization model or 
temperature effects) 
CSTRs in series 
not considerd 
2 





predicted mass transfer 
resistance to be negiigible 
no biofilm growth 
Yes 
yes - LI, D,= 1 
included pH and temperature 
effects; predicted fluidized bed 
height 
1 puise 
Gadani et al. ( 1993 ) 





1 5 for pure culture; 
2 1 for 2 species 
csm 
evaluated f?om steady-state experirnents 





yes - D, D,=O. 8 
no aIlowance for phase holdups; allowed for 
variable active fractions for each species and 
inen biomass 
Tang et al (1987) reported dramatic changes in a mixed-culture biofiIm morpholog with a large 
(200%) step increase in substrate concentration. Worden and Donaldson f 1987) also reported changes in the 
appearance, density, growth rate and distribution of microbial species within the biofilm over long periods of 
time. Thus caution must be used when species-averaçed kinetic parameters and biofilm properties are applied 
to mixed-culture biofilm systems. 
The responses of the experimental systems agreed reasonably well with mode1 predictions (although 
the results of very few experiments were presented), indicating that the approaches used in modelling were not 
unreasonable. Note that Worden and Donaldson ( 1987) found that their model over-predicted the response of 
the system and attributed this to the presence of inactive biomass in the biofilm. Thus the presence of EPS or 
inactive cells, which was not accounted for in any of the models. may be important. .41so. Stevens et al. ( 1989) 
attributed the over-prediction of substrate concentration in the reactor to neglecting the contribution of 
suspended biomass in the system (concentration not specified). Thus in a system where the dilution rate is not 
significantly geater than the growth rate, the presence of suspended cells should be included in the model. 
Both Worden and Donaldson (1987) and Stevens et al. ( 1989) adjusted kinetic parameters to ailow for a better 
fit of their models. 
Worden and Donaldson (1987) ruid Stevens et al. (1989) were able to predict trends in the response of 
their experimental systems without the need for timedelay models. Tang et ai. (1987) reponed t h t  a time- 
delay model was necessaq to predict the trends in their experirnental data; however it is not clear if there were 
factors other than a delay in microbial response to the step changes (such as changes in biofilm thickness, 
activity. density, EPS content, and population distribution) that could be used to explain the response of the 
system. Thus, it is not clear that a time-delay model is needed in a dynamic ICFBR modei. 
Similarly, Worden and Donaldson (1987) and Stevens et ai. (1989) were able to predict 
experirnental trends with models which inciuded the assumption of constant biofilrn properties (Le. biofiim 
density and substrate diffùsivities). It is not clear that the added complexity inuoduced by Tang et al. (1987) 
to Vary these properties is needed. 
Limitations of Previous Unsteadv-State ICFBR Studies 
Although the proposed models appear to predict experimental trends reasonably well. e~perimental 
verification of dl the proposed models has been inadequate (at least according to published results) 
Too few verification experiments have been performed and reported (see Table 2.9). 
The predictions of changes in biofilm thickness in the models have not been cumpared to 
experimental results. 
The release of. metabolites into the medium by biofilm cells in response to perturbations has 
not been investigated. 
The models also have some shortcomings: 
They do not includc an inactive fraction to allow for EPS or inactive cells. which may be a 
significant cornponent of biofilms. 
Several models do not include detachment (Park et ai.. 1984b; Worden and Donaldson, 
1987; Stevens et al., 1989). which would result in unbounded biofilm growth (if growth Îs 
included). This is unrealistic. 
Temperature effects have not ben included (Park et al., 1984b; Tang et al., 1987; Worden 
and Donaldson, 1987; Gadani et al., 1993). Because an important application of ICFBRs is 
wastewater treatrnent where temperame changes are cornmon. description of the effect of 
temperature on ICFBRs would be useftl. Stevens et al. (1989) included temperature effects 
in their dynamic model but reponed experirnemal results at a constant temperature oniy. 
Some of the rnodels (Park et al., 1984b; Tang et al., 1987; Stevens et al., 1989) have large 
numbers of parameters, many of which cannot be determinecl independently. Simpler but 
realistic moâels are needed if they are to be useh 1 for design and optirnization. 
3 Materials and Methods 
3.1 Materials 
3.1.1 Bacteriurn 
The bacterium, P.~yudomotta~ ptmh QS. used in this research, is a naturally occunin~ psychrotroph 
which was isolated tiiom the sediments of the Bay of Quinte in Lake Ontario (Inniss and Mayfield, 1978) It 
was obtained fiom the culture collection of Professor W. E. Inniss. Depanment of Biology, University of 
Waterloo. P. puri& Q5 is a motile Gram-nqative rod. approlurnately 0.8 pm wide and 3 pm long. which rnay 
possess up to three flagella (Kolenc et al., 1988). At high ternperatures (ie. 30°C) it adopts a filamentous form 
(Kolenc et al.. 1988). 
P. purida Q5 is capable of growth at 0°C. but has its maximum growth rate (with salicylate as the 
carbon source) at temperatures betwtxn 35 and 30°C (Kolenc et ai., 1988). Its mximum temperature for 
growth is between 30 and 37°C (Kolenc et al.. 1988). 
P. purida Q5 can degrade a wide variety of oryanic substrates including phenol, as it possesses the 
orrhu-cleavage pathway (Kolenc et al.. 1988). Its phenol degradation kinetics have ken  determined at IOOC 
(Komri et al., 1 9 9 1 )  and it bas been used successfully to degade phenol in an ICFBR under steady-state 
conditions (Patoine, 1989). 
3.1.2 Medium 
.4 dilute basal salts medium CDBSM) was used for al1 experimental work, including the kinetics 
e'rperirnents and the ICFBR studies. The composition of the dilute basal salts medium is given in Table 3.1 
The medium composition is the same as that described by Patoine ( 1989). except that calcium concentration 
has ben increased to 50 m@ as Ca to improve biofilm cohesiveness as described by Turakhia and Characklis 
(1989). The composition of the medium was designed such that the substrate - phenol - would be growth- 
limiting. The medium was prepared and autoclaved in two parts to prevent precipitation of the medium 
components. Solution A consisteci of the KIHP04, KHtPOJ and (NH&S04 with suficient solid sodium 
hydroxide to maintain the reactor pH at 6.9-7.3 (eg, 25 pellets in a 20 L batch with 300 phenol) 
dissolved in 80% of the deionized water listed in Table 3.1. Solution 8 consisted of the remaining 
Table 3.1 Compositions of the Dilute Basal Salts Medium (DBSM) 




W h S O 4  
MgC12.6H20 
components. dissolved in the remaining dcionized water The two solutions were combined asceptical l y b y 
pumping Solution B through sterile tubing into Solution A irnmediately prior to use 
Concentration (@) 
O. 17 
O i 3  
O 71 
0.34 
3.1.3 Support Particles 
Sand particles, used in previous ICFBR studies (Wagner and Hempel. 1988, Patoine, 1989). were 
used as the support material. Sand is inexpensive and widelv available and has ken  show to be an acceptable 
substratum for biofilm formation by P. ptrt~uà Q5 (Patoine. 1989) The sand used in this study was obtained 
from the Universitat Gesamthochschule Paderborn and is characterized by an approximate diameter of 2 t 2 um 
and a dcnsity of2580 kgmi (Patoinc 1989). 
3.2 Experimen ta1 Apparatus 
3.2.1 Growth Kinetics Expenments 
Batch growth experiments with initial phenol concentrations in a range of 20-600 m a  were 
performed in 250 mL Erienmeyer flasks with a working volume of 70 rnL. The flasks were stirred 
constantly at 170 rprn on a New Brunswick Scientific Gyratory Water Bath Shaker, Model G76 (New 
Brunswick Scientific. New Brunswick, NJ). Temperatures were maintained at 10. 15, 20 and 25°C +/- 0.2 
' C  with a refkigerated circulator (RTE-1 1 1 Refngerated BatMCirculator. Neslab instruments Lnc.. 
Newingon. NH). The fl asks were sparged continuously with filter-sterilized air (Whatman Polycap 75 TF. 





O. 1 Q/IOû mL HsO 
0.06 g/ 100 mL H20 
3.6 dl00 mL H20 
0.3 dl00 mL H20 
O 1 pm pore size. Whatman International Ltd.. Maidstone. England) usiny an aeration manifold and 
sparging apparatus as described by Donovan et al ( 1995), in order to avoid oxygen limitation of the 
cultures. The inoculum was grown in batch culture (&=?O-600 mg/L phenol) and was acclimated to the 
initial phenol concentration used in each experiment. 
Growth experiments at phenol concentrations less than 20 mg/L were performed in a I-litre continuous flow 
stirred tank reactor (CFSTR) (Bioflo, New Brunswick Scientific, New Brunswick NI) with a working volume 
of 0.450 L. The systern was sterilized by autodaving at 12 1°C for 30 minutes. The ractor was sparged with 
filter-stdized air (Whatman Polycap 75 TF, O. 1 pm pore size, Whatman [ntemational Ltd.. Ann kbor, MI) 
and was equipped with a galvanic oxygen probe (New Brunswick Scientific, New Brunswick NI) to ensure 
that the culture was not oxygen limited. Temperature was maintained constant at preset levels ( 10. 15, 20 and 
25°C) by sirnultaneously chilling the reactor by means of a cooling coi1 operating at a coolant temperature 
several degrees below the desired reactor temperature (using a RTE-! 1 I Refngerateâ BathKirculator. Neslab 
Instruments Inc., Newingon. NH), and by simultaneousIy heating the reactor with an immersion heater (C30 
Immersion Heater, New Brunswick Scientific. New Brunswick. N o  activateci by an on-off closed-loop 
wntroller (which was part of the Bioflo system). Feed was deIivered by a peristaltic pump (30 rpm model, 
Hurst, Princeton, IN). The effluent was withdrawn with another pump (6 rpm Masterflex pump drive fitted 
with an Easy Load pump head Cole Panner, Niles, IL) at a preset liquid level and at a higher volumetric flow 
rate. so that there would not be any build-up ofbroth in the system. 
3.2.2 Immobilized-Cell Fluidized Bcd Reactors (ICFBRs) 
Two extemal-loop airli fl reactors containhg biofilmaated sand were used for shoc k-loading 
experiments. One reactor was constructed of glass; the other was constnicted of Plexigiass. Both reacton had 
similar dimensions and geometry. Characteristics of each system are listed in Table 3.2. A schematic of the 
reactors is shown in Figure 3.1. For both reactors, the bottom of the top section of the riser consisted of a flat 
surface inclined at an an& of 45 degrees. This prevented settling of the bioparticles in the -oas disengagement 
section prior to their recirculation (as a sluny) to the downcomer and hence to the bonom of the riser. 
Filtered air was passed thfough a rotameter and a s tdk ing  filter (Whatman Polycap 75 TF, O. 1 pm 
pore size, Whatman International Ltd.,Ann Arbor, Ml) and was sparged at the bottom of the nser sections. 
The spargers consisted of a I-cm diarneter stainless steel tube with 6 holes of 1 mm diameter, in a 1 cm thick 
stainless steel plate. Dissolved oxygen was monitored in the riser section with a galvanic dissolved oxygen 
probe (New Brunswick Scientific, New Brunswick, NI) connected to a chart recorder Wodel 385, Linear 
instruments Corporation, Reno, NV). E h s t  air was filtered (Whatman Polycap 75 TF, 0.2 Fm pore sue, 
Whatman International Ltd.. Ann Arbor. MI ). 
The temperature of the remor was controlled by circulating a polyglycol (commercial antifieeze) 
solution fiom a RTE-1 1 I A Non-CFC Analog Refigerated Bath Circulator (Neslab, Mississauga, ON) through 
a ml ing  jacket on the riser. Temperature was measured with a thermometer inserted through the top of the 
downcumer. The Plexiglass reactor also was equipped with a thennometer in the downcomer at the junction of 
the circulating extemal loop and the settling zone. 
The pH of the circulating suspension in the glas reactor was measured with a glass electrode in the 
downcomer. The pH of the Plexiglass reaaor was periodically measured off-line Rom samples taken fiom the 
riser. In both cases the pH was rnaintained in a range of 6.9-7.3. 
Feed was stored in autoclaved 2û-litre carboys, equipped with filters (Polydisk, O. 1 pm, Whatman 
International Ltd., Ann Arbor, MI) to sterilize air that was drawn into the tanks as the medium was pumped 
into the reactor. Feed was delivered with a peristaltic pump (Mode1 80000000. 6-600 rpm, Millipore, 
Bedford, MA) at various flow settings to achieve the desird dilution rates. The liquid level was kept constant 
by pumping broth 6om effluent ports at the top of the downcomer section above the solids settling zone, using 
a 6 rpm Masterflex pump drive fitted with an Easy Load pump head, (Cole Parmer, Niles, L) at a preset 
liquid level and at a higher volurnetric flow rate, so that there would not be any build-up of broth in the 
system. 
Table 3.2 Characteristics of the Glas and Piexiglass Airlifi Reactors 
1 Interna1 Diameter of the Downcorner (cm) 1 4 1 3.2 1 
Characteristic 
Working Volume (L) 








10 1 8.7 
Height of the settling zone (cm) 3 2 48 . 
feed inlet 
f '< 
refrigeron ,OutJet I 
'd, 
Figure 3.1. Schematic of the ICFBR reactors. 
3.3 Analytical Methods 
3.3.1 Phenol 
Phenol concentrations were measured by W spectrofluorometry (LW spectrofluorometer, Turner Mode1 
430. Pa10 Alto, CA) at the UV emission and excitation wavelengths of 314 and 273 nm respectively 
Samples containing bacteria were centrifuged at 8.000 rpm for 3 minutes (Eppendorf Centrifuge 541 SC. 
Brinkmann Instruments (Canada) Ltd., Rexdale, ON) and the supernatant was withdrawn for analysis. 
Samples were nored in a freezer when analysis could not be perforrned immediately. Samples were diluted 
with deionized water such that the phenol concentrations were within the range of 0-15 mg/L in order to 
obtain a linear response with the spectroflurometer. The detection limit was 0.03 m a  phenol (Kottun et 
al., 1991). A calibration curve is shown in  Figure 3.2. 
Phenol Concentration (rng/L) 
Figure 3 2. Phenol caiibration curve for the Turner spectrofluorometer 
3.3.2 lntermediate Metabolites 
The absorbante spectra of filtered samples fiom the broth were measured to indicate the presence of 
intermediate metabolites. Samples in quartz ylass cuvertes (Hellma 104-QS. Fisher Scientific, Toronto. ON) 
were scanned in the range of 23W50 nm using a spectrophotometer (Spectronic Genesys 5, Milton Roy, 
Rachester, N'Y). 
3.3.3 Suspended Biomass Concentration, X, 
Ceil growth was monitored by opticai density (OD) measurement using a spectrophotometer (Novaspec II 
Model 404001 1. LKB Biochrome Ltd., Cambridge, England) at a wavelength of 650 nm. Biomass 
concentrations on a dry weight basis were determined by filtering the cell suspension through a O 2 pm 
filter (cellulose nitrate filter, Sartorius. Gottingen, Germany) and drying the filter and cetls to a constant 
weight for 24 hours at 80°C. A linear relationship (show in Fipre 3.3) between OD below 0.40 and dry 
weight was observed at each temperature. The biomass concentration (&), expressed as dry weight (mg 
D W L )  was calculated From optical density measurements using the relationship OD650=&, where k was 
0.435, 0.423, 0.464 and 0.500 for cells grown at 10, 15. 20 and Z ° C ,  respectively. The 95% confidence 
intervals for the dopes at IO, 20 and 25°C intersected, indicating that the curves were statistically 
indistinguishable. given the degree of scatter in the data. The 95% confidence interval at 15°C fell outside 
those at 20 and 25°C. 
Figure 3 3 Dry weight data at 10°C (+), 15°C (A), 20°C(e) and 25°C (m) plotted with caiibration curves at 
10°C (- ), iS°C(------), 20°C(--- - ) ,and25"C(--- - )  
3.3.4 Bioparticle Diameters and Biofilm Thickness 
Bioparticle diameters were measured through image analysis of digital photographs taken of 200-400 partides 
per sample using a photomicroscope. A video camera (Sony Hyper HAD CCD-IRISRGB Color Video 
Camera. Model DXC- I5q coupled with a Sony Camera Adaptor CMA-22, Sony Corporatio~ lapan) was 
mounted on a Nikon microscope (Nikon Optphot Phase Contrast Microscope, Nippon Kogku KK, Tokyo, 
Japan) and was c o ~ e a e d  to a 80486 cornputer equipped with a Snappy Video Snapshot Hardware Module and 
Snappy S o b e  Version 1.0 play Lnwrporatd Rancho Cordova, CA). The digital images were analysed 
using UTHSCSA Image Tool Version 2.0. The image andysis software was calibrated spatially using an 
image of a stage micrometer. which had been photographed at the same magni fication (X40) and resolution 
(640x640) as the biopmicles. 
Ail of the digital images were captured using the bright field setting. Identification of objects in the 
images was based upon differences in gray Levels. Thresholding was performed manually. Bioparticles that 
were touching sligtnly were separated using a pixel editor. Bioparticles that were ait off at the edge of the 
image field or were partially covered with oher bioparticles were not included. Phcles ,  which were 
essentially Free of biofilm growth. appeared white (on a white background) or slightly gray It was not possible 
to obtain information about the size of the bare particles because of dificulties separating portions of the 
particles frorn the background. The nurnber of bue panicles for each simple was detemined wbjectively. and 
was recorded for camparison with the total number of particles. Particles which were covered with biofilm 
appeared to be gray. dark gray or black depending upon the amount of biofilm average and the degm to 
which the biofilm btocked the light. Note that during Runs 2 and 3. the digital camera was not available and 
photogaphs were taken using the dark field setting. The p i c n i m  appear to be reverse images of the othen 
described above, with covered particles appeariny bright white on a dark background. 
The ferret diameter, defined as the diameter of a circle having the sarne area ( A )  as the object, was 
computed as: 
The biofilm thickness (03 was calcuiated as half the difference between the average bioparticle diameter (d,J 
and the average bare sand particle diameter (4). which was calculated for bare sand particles using the same 
procedure. 
The 8û?!i confidence interval (Clm) of the biofilm thickness was calculated as follows (Box et al., 
t 978): 
w here 
Here nb and n, are the numben of particles in the bioparticle and bare can-ier simples, respectively. with 
sample standard deviations of se and s, respectively. 
3.3.5 Extracellular Polysaccharides (EPS) in the Biofilm 
An adaptation of the method of Pacepavicius et al. (1997) was used to measure the polysaccharide 
content of the biofilrn. The method is based on the conversion of hexoses to 5-(hydroxymethy1)-2-hraldehyde 
(HMF) in the presence of strong acid and the subsequent development of a colour chromogen between phenol 
and HMF. 
Sarnples, approximately 5 mL in volume, were taken From the nser section of the ICFBR and were 
placed in pre-weighed 25 mL test tubes. The sand in each sample was washed with DBSM to rernove 
suspended biornass and the liquid was removed with a f asteur pipette. 1 mL of deionized water and 1 mL of a 
10% phenol solution were added to each test tube and the c o m a  were agitated yently. Next, 5 mL of 
concentrated sulphuric acid were added rapidly. The sarnples stood for 20 minutes, during which time the 
contents were swirled periodically to ensure that the samples were well mixed. The absorbance of the 
supemamt in a quanz giass cuvette (Hellma IWQS, Fisher Scientitic. Toronto, ON) was measured at a 
wavelength of 484 nm (corresponding to the peak in the absorbance maximum shown in Figure 3.4) against a 
reagent blank in a spectrophotometer (Spectronic Gencsys 5, Milton Roy. Rochester, NY). The arnount of EPS 
400 450 500 550 600 
Wavelength (nm) 
Figure 3.4 Scan of a biofilrn simple ueated with concentrated phenol and sulphuric acid as described in 
Section 3.3.5. 
present was detemined fiom a standard curve for glucose. shown in Figure 3.5. and was expresseci as grams 
glucose equivalents per gram sand. 
3.3.6 Biofilm Biomass Concentration and Sand Concentration 
Sarnples for biofilm and sand concentration were taken From the middle of the riser by withdrawing 
fluid quickly From a sarnpling pon with a serile 10-mL syringe. The sample volume (1;) was measured and 
recordeci (M. I d). The bioparticles were allowed to setiie in a preweighed test tube (of mass Ml) and then 
the supernatant containing suçpended cells was removed with a Pasteur pipette. The sample was dried at IOS0C 
until a constant mass (M:) was reached (24 h). The dry sample was bumed in a mume ttrnace at 500°C for 1 
hour and then was reweighed (Ml) f i e r  cooling in a dessicator. 
The particle concentration in the sample was calculated as 
O 100 200 300 400 500 
Glucose Concentration (mg&) 
Figure 3.5 Effect of glucose concentration on absocbance development at 484 nm. 
The biofilrn concentration (,Y,) [g  D W k ]  was calculated as: 
On a sand basis, the biofilrn concentration (,YDH') [g DW/g sand] was calculated as: 
,Y, 
'Y,,,. = - 
CP 
3.3.7 Number o f  Particles, Np 
The mass of a single sand particle (m,,) was calculated as: 
The average fenet diameter of the bare sand (d,) was detmined according to Section 3 3 4 and the particle 
density @) was given as 2.58 @cm3 (Patoine, 1989). 
The mass of sand added to the reactor (P,) was determined prior to sterilization. Thus. the initial 
number of particles ( N p )  is given as: 
The voIume of samples withdrawn from the reactor was recorded. The average mass of sand withdrawn per 
rnL sarnple was calculated using Equation 3.4 . and the value of Np was adjusted over the course of the 
expriment S. 
3.3.8 Biofiim Dry Deasity 
The biofilrn density. dry basis @n [g D W / C ~ '  w a  biofilm] was calculated as follows. where Np is the number 
of particles in a sample and db is the ferret diameter of the bioparticles in a corresponding sample taken at 
approximately the same time. 
3.4 Expenmental Procedures 
3.4 1 Stenlization 
To maimain a pure culture of P. puri& Q5, and to avoid contamination of the laboratory, ail 
equipment and media were sterilized. 
Small fermenters, shake flasks and any other glassware as well as the basal salts medium in carboys 
were autoclaved at 121°C. Time for sterilization ranged from 20 minutes for shake flasks to 3 hours for a 
20-L carboy filled with medium or 4 hours for two 20-L carboys. 
The glas extemal-loop airlifl reactor was autoclaved in sections prior to assembly 60th airlit? 
reacton were sterilized by filling them with bleach solution (15% vlv Javex) for 6-12 houn, followed by 
thorough rinsing with nerile deionized water, with one rinse cycle lasting at least 12 hours. 
The sand was autodaved wet for 1 hour and then was autoclaved again for 1 hour immediately before 
adding it to the ûirlift reacton. This technique was found to be necessary to destroy flagellate cyns that were 
contained in the sand. 
3.4.2 Phenol Biodegradation Kinetics Experiments 
Phenol biodegradation kinetics experiments were carried out in both batch and continuous 
cultures. 
Batch growth experiments with initial phenol concentrations in a range of 20-600 mgR were 
perfomed in 250 mL Erlenmeyer flasks at 10.15, ?O and 25°C The workin~ volume of the batch cultures 
was 70 mL. The apparatus used during the experiments is described in Section 3.2.1 The inoculum was 
grown in batch culture (So=lO-600 mg/L phenol) and was acclimated to the initial phenol concentration 
used in each experiment. A number of batch growth experiments were also perfomed at phenol 
concentrations ranging from 20-180 mg/L with suspended cells which were obtained from the effluent 
Stream of the ICFBR. These were acclirnated to the very low phenol concentrations occurring in the 
ICFBR but had not adapted to gowth at the concentrations used in the batch experiments 
Growth experiments at phenol concentrations less than 20 m@ were performed in a small CSTR 
described in Section 3.2.1. The reactor was started up in batch mode with an initial concentration of 200 mg/L 
phenol and 5 mL inoculum which had been grown in a shake flask with an initial phenol concentration of 200 
mgL. Once the phenol was exhausteci. as indicateâ by a sharp increase in dissolved oxygen, the feed pump 
was started up and the system was operated continuously. Runs were terminated within 4 days of start-up to 
minimize any possible effect of biofilm growth on the walls of the reactor 
3.4.3 Shock-loading Experiments in the ICFBRs 
The ICFBR reactors were narted up by injecting approximately 20 mL of inoculurn From a batch 
culture into the reactor containing sterile medium with a phenol concentration of 300 m@. Once the cell 
density was hi&, feed containing 200 m a  phenol was delivered to the system and sterile sand was added with 
a 60 mL syrinye through a port at the top of the domcorner section. The reactor was o p t e d  continuously for 
20-30 days until a stable biofilm had deveIoped, indicated by a rdatively constant EPS concentration on the 
sand panicles. 
Once steady-state was established the system was pemtrbed, either by increasing the feed flow rate 
(for a dilution shock-Ioad) or by changing the feed tank to another with a different phenol concentration (for a 
concentration shock-load). The response of the system was followed over a penod of 50 to 250 hours, 
depending upon the experiment. 
3.5 Numencal Methods 
3.5.1 Estimation of Kinetic Parameters 
The Haidane kinetic parameters p,, Ks and K, and the parameters of m e  growth yield Yg. and the 
maintenance coefficient, m. were determinai f?om batch- and continuous-culture kinetic data at each 
temperature. 
in a batch culture the observed yield is defined by 
I m l  
- -  -.- 
~ . Y S  P Y* 
YLs for aich substrate concentration was estimated by detennining the dope of a plot of.Y,',(r) versus Sfi) for the 
eqnential growth phase of the culture at each temperature. The specific growth rate. p, at specific phenol 
concentrations was similarly detemined as the slope of a plot of InYl versus time. Y, and rn were estimated 
fiom a plot of / YLS versus I p, which had a dope m with an ordinate intercept off Y,. 
In a continuous culture at steady state the specific rate of substrate utilization (ys) is given as 
Thus using experimentaily deterrnined values of S and .Y, a plot of ys versus D will have the dope I I; and an 
ordinate intercept of m. 
Haldane Kinetic Parameters CD,,,=, K: and Ki) 
Estimation of the Haldane kinetic parameters is inherently difficult due to the nature of the Haldane model 
(Equation (2.10)). As discussed in Section 2.1.3 2, the model is nonlinear, the parametas are highlv correlated 
(Allsop, 1989) and the data required io estimate Ks fwhich must be attained at low substrate concentrations) is 
dificult to obtain accurately with batch culrures. 
Two approaches have been used to estimate the Haldane kinetic parameters: linearization followed by 
linear regression and nonlinear regression. The approach u d  by Hill and Robinson (1975) was used to divide 
the Haldane curve (see Figure 2.3) into two sections. At high substrate concentrations (.PXs), 
which can be linearized as follows: 
A plot of I p versus S,, with dope I KIv, and ordinate intercept I p,, was used to estimate KI and p,
The problems usually encountered when obtaining batch-culture data at low substrate concentrations 
(with small changes in biomass concentration over time) needed to determine KS. were to be avoided by using a 
neady-state continuous culture to obtain kinetic data. At low substrate concentration (S<<K,). the Haldane 
equation (Equation 2.1 0) can be simplifieci as follows: 
Then at steady state (where p=D), the following relationship may be obtained 
Equation 3.14 can be used to estimate & fiom S and LI data when the value for cl, is known fiom the batch 
suspended-ce1 1-cul ture experiment S. 
Thus, estimates of p, and KI were determined using the technique described for batch cultures. 
An estimate of Ks was obtained from continuous data. Next. non-linear regression of the p and S, (or 
neady-state S) data from the fil1 data set (combining batch and continuous data) with the previously 
estimated values of p,,, Ks and K, as initial guesses was performed using SystatB. 
3.5.2 Solution of the Unsteadg-state ICFBR Mode1 
The unsteady-state ICFBR model described in Chapter 3 consists of a set of ord inq  and partial differential 
equations (ODES and PDEs) dong with the required boundary and initial conditions. There are four 
interdependent variables which were determined by the model: 
4 the bulk substrate concentration Sb 
the biofilm substrate concenmtion as a fiinction of radial distance within the biofilm Sl). 
the fieel y-suspended biornass concentration XS and 
the biofilm thickness, 6, which can also be expressed in terrns of the radial distance to the biofilm 
surface, 5 

or those obtained using relevent correlations were used. Two exceptions were the values of rD and m which 
were adjusted to better fit the model simulations to the experimental data as described in Section 5 3.2.1. 
The unsteady-state model (described in Appendix A-2 and with code listed in Appendix C) was 
solved using the input variables (Sh ,yT, 0. and r,) yenerated with the steady-state model The two high- 
response experiments (Runs 1 and 8) were investigated first as a means of exploring the influence of 
alternate kinetics and the concept of growth rate hysteresis through trial and error. Once agreement was 
obtained between the mode1 and the first two experiments, the model was verified by simulating the 
responses in the two Iow-response cxperiments (Runs 2 and 3) and comparing the simulations with the 
experirnental data. The same parameters used in the expressions for the kinetics and growth rate hysteresis 
were used in each simulation. klso, the parameters used in the unsteady-state simulations were the same as 
those used in the steady-state simulations within each mn. 
3.6 Safety Considerations 
The general safêty guidelines described by Robinson (1992) and the specific procedures outlined by 
Onysko (1993) were followed for handiing chernicals and biologicals and for disposing of wastes. 
4 Dynamic Model 
4.1 Model Assumptions 
It should be clear from the review of the literature in Chapter 2. that the ICFBR is a very complex 
systern. The relationships between the microorganisms and the reactor environment (and vice wttw) are 
dificult to mode1 accurately. Even if al1 the relationships determining systern behaviour were known, the 
parameters could not be determined independently of each other and the large number of parameters would 
make the model difficult to impiement in an engineering context. Thus. simplifling assumptions are necessary 
for the development of an appropriate model. 
Processes occurring within the ICFBR and the variables which have b e n  reported to influence them 
are listed in Table 4.1. Those variables which were considered in the proposed ICFBR mode1 are presented in 
bold type. Table 4.2 lists the variables that were controlled at constant or nonaitical values for dl elcperiments. 
Table 4.1. Processes Occumng within the ICFBR and Potential variables' 
1 Microbial Reaction Kinetics 
substrate concentration and rate death 
of change 
biomass activity oxygen limitation 
maintenance nument limitations 
decay unbalanced growth 





product type and yield 
I I  
-- - - -- - 
Liquid-bioparticle mass t n n i  fer 
(1 fluid propenies superftcial gas velocity panicle size and density 
solids holdup reactor geometry temperature 
ûas-liquid Mass Transfer 
solids fraction reactor geometry 1 type t emperature 
Mas Transfer within the Biofilm 
1 fluid properties superficial gas velwity media composition 
biofilm properties ionic effects temperature 
Detachment/Attachment 
nutrient limitations wn hin biofilm abrasion (particle concentration) biolilm thicknessholurne 
1 
11 shear stress media characteristics microorganism type 
biofilm ihickness component concentrat ion dispersion 
1 gowth rate ! substrate concenaation support particle surface propenies biofilm wface propemes 
sus pended biornass concentration temperature 
' Variables printed in bold font are incorporatecf into the propos& mode]. 
Table 4.2. Potential Variables that Were Held Constant or at Non-critical Values 
1 Variables that were monitored and controllcd 
1 superficial gas velacity dissolved oxygen t ernperature 
II Potential variables that were set 
initial media composition (except for support particle characteristics (type. microorganism type 
phenol concentration) size, density) 
reactor geametry media fluid properties at specified 
temperature 
For a process or variable to be incorporated into a mode1 the followiny conditions must be met. 
1 .  A method of accurate measurernent or a reliable correlation to predict the variable must be available. 
2. The effcct of the variable must be independently distinguishable from those of other processes or variables 
(ie. not evaiuated solely as a result of multi-variable data fitting). 
3. The effect must be important to the overal l performance of the system. 
These criteria were used to select potentially important variables and to develop a dynamic ICFBR model. 
Svst em Descriu t ion 
The system was an external loop airlifi reactor in which sand particles covered with a pure culture 
biofilm were fluidized due to air sparging in the riser section. The reactor contained both immobilized and 
fieely-suspended biomass; the latter was produced through detachment of microorganisms tiom the biofilm and 
growth of 6eely-suspended cells. The excess suspend4 cells left the system dong with the effluent meam; the 
bioparticles were retained. The feed ws a sjnthetic wastewater with phenol as the sole carbon souce. 
Model Assum~tions 
The following assurnptions defrne the sape of the model. 
Reactor and components 
T)be bulk JIuid ir, rhLi reacror is complcrdy mixed. This assumption has been justified for aidifi 
reactors in general (Merchuk et al., 1992) depending on operating conditions and for an internai loop 
airlifi reactor containhg bioparticles (Tang et al., 1987). Thus, bulk fluid-phase concentrations can be 
assumed to be uniform throughout the reactor for the sand concentrations used in this work, namely 6- 
25 g/L bare carrier.. 
The .wd particies carr be rrpresertred as bemg ~phrrrcal rn shap a d  urirJorm rn sr:e (average 
dameter) The method for determining the average particle diameter used in the model was described 
in Section 3 3.5 
Growth Kinetics 
(hi& a porriori of rhe measured immohi/i=ed broJlm is acriw. This has ben  show to be the case due 
to the presence of extracellular polyrnefic substances (EPS) (Bakke et al., 1984) and inactive bacteria 
(Rmmann et al., 1992) in the biofilm. 
7ht! ficlcrion o j  uctrve biomms itt a mature brofilm remam conrtmit owr the expecred raqy of 
opriramg condtronî anûcfurirrg .+y.srtim rlisn~rburices. The inactive fiaction of the biofilrn (due to the 
presence of EPS and inactive cells) was expected to not change significantly, even during 
disturbances. In the literature, there is not enough information about the effects of system variables on 
EPS content or inactive cells in biofilrns to provide the bais for a model which describes the change 
in the active biomass Fraction. Models which do so (Benefield and Molz. 1985; Gadani et al., 1993), 
incorporate the concept of decay only, and negJect the existence of EPS. This assumption was IikeIy 
reasonable for nutrient-suficient biofilms (ie. substrate concentration profiles of the types (a) and (b) 
in Figure 2.5) which would correspond to biofilms of thicknesses less than 40 um in this case. 
Balanced grcnvih occurs wirhin the biofilm imkr rhe e . ~ c t e d  operating condnonî. This means that 
the extensive properties ofthe cells change in proportion to the change in cell number. While this is a 
reasonable assurnption under steady state conditions. under dynamic conditions, particularly if the step 
changes are large, this may not be the case. However, to include unbalanced growth, strucnired 
kinetic models would have to be developed. This may umecessarily complicate the model for 
en@neering use. This assumption is discussed in detail in Secrion 5.3.2.2. 
lmmobilizariuti does nor c#ecr the stoichiomerry or rk bnerics of biological rransfonnatiotw-. This 
assumption was discussed in detail in Section 2.2.5. Studies in which the microenvironment was 
carefully controiled have shown this to be a reasonable assumption (Bakke et al., 1984; van 
Loosdrecht et al., 1990; Shreve and Vogel, I993), and it has k n  used with reasonabie success to 
model 0th- biofilm systems with phenoi as a substraîe (Tang and Fan, 1987; Tang et al., 1987; 
Worden and Donaldson, 1987). Conflicting studies described in Section 2.2.5 have not provided the 
kind of information that could be included in a mathematical mode1 (eg. Keweloh et al.. 1989; Hilge- 
Rotmann and Rehm, 1990; Heipieper et al., 199 1 ). 
The m v e  bromaxr in rhe hioflm is p k r d  limited O& ûther nuirients and oxygen were provided in 
excess of celIular requirements 
Growrh kmefrcs fcilr'ow a mbstrare rnhibrtiotr m d f .  The Haldane model, a subsuate inhibition 
mode], has ben used previously to describe the phenol degradation kinetics of P. puticlii Q5 (Patoine, 
1989; Korturi et al.. 199 1 ), as well as 0th- phenol-degraders. During the dynarnic experiments phenol 
concentration in the reactor reached inhibitory levels; hence a substrate-inhibition model was required. 
A simplified version of the Luong model (Luong, 1987). another substrate inhibition model. was also 
investigated. 
Liquid-solid mass transfer 
Liquici-.wiid m~ trariJ;fer cannor be rregiecred ïhis has been shown to be the case for other ICFBRs 
(Tang and Fan, 1987; Livingston and Chase. 1989). 
Gas-liquid mass transfer 
Gus-iiqu~dmars trmrsfer is nor includd irr the model. The quantity of oxygen supplied to the ICFBR 
was wnsidered to be in excess of biofilm requirements; hence there was no need to describe the 
transfer of oxygen to the bulk fiuid in the mode1 (see Appendix F). 
M a s  transfer within the biofilm 
rn i9r1 each biopurticle. the biofilm 1s unrjorm in thcknçiss.  ILS SI^, and the dismbunon of celfs, P.Sand 
in~erst;rial ffuid and mi be treard ar a contimnm. Alt hough it is possible that biofilm properties 
may change with radial distance, only the measurernent of average properties over the biofilm for 
many particles was possible. 
Trmtsport of ctissoiwd compotre~Its iwo and out of lk biofjlm is by mole~~~far dtfisiot~ mrd can be 
dscribed by Fick's secorad lm1 o f d r ~ s ~ o n .  The biofiIm was thick enough (up to 40 p) in some 
experiments that diffisional eftécts cannot be neglected. 
Concer~tration grdents are sign~ficant on& irr fk direction perpendrcub to the sttppon surjiâse; 
rhus. a onedimensional rnariei is aciequate. The assumption was based upon the assumed Vmmetry 
of the bioparticies. 
JMachment 
ï?w spvcrfic rate of akrachmerrr of microoqan~sms fiom the brufilm t s  corrstant wder the expcted 
operatrng condrtian~. In this context. the net specific rate of detachment, r ~ ,  also includes the specific 
rate of attachrnent, which is not possible to separately determine experimentally. Detachment in an 
airlift reactor is a firnction of many variables and correlations have not yet been developed. Because 
the development of a comprehensive detachment mode1 was beyond the sape of this project, the rate 
of detachment was calculated according to Section 5.1.4.3. and was assumed to be constant as a first 
approximation 
Adsorption 
Adwrptio~r of phrnol to [he bio/ilm and sanciparncles rs corrsidered to be rwgligtbie. 
Temperature 
fie temperarure of the bioflirn rs the wme as the bulkfluid temperature. It was assumai that there 
was no signiticant etTect of metabolic heat generation. The transfér of heat through the biofilm and 
then to the bulk fluid was considered to be sufficiently rapid. Ths is discussed tùrther in Appendix G. 
The assumptions of the mode1 are compareci to those made in other dynamic ICFBR models in Table 
4.3. 
Table 4.3 Cornparison of the Assumptions of the Proposed Mode] to ûther Unsteady-state ICFBR Models 
Assumptions 
Complete mixing of liquid 
Uni form particles 
Biofilm growth 




No immobilization effect on 
kinetics 
Single substrate limitation 
DuaUmultiple substrate 
limitation 
Liquid-solid mass trarisfer 
Gas-liquid mass uansfer 
UMfon biofitm 
Fickian difision in biofilm 
Detachmm 
Adsorption to biornass 
Proposed 
Model 
- assumption made / condition included 
Other Unsteady-state Models 
17 - assurnption not made / condition not included 
O - inert ûaction due to decay ody, not EPS * - balanced growth in kinetics but time delay added to mode1 as a correction terrn 
Unsteadv-state models 
1. Tang et al. (1987) 
2. Worden and Donaldson (1 987) 
3. Park et al. ( 1 984b) 
4. Stevens et al. ( 1989) 
5 .  Gadani et al. (1993) 
4.2 Model Development 
Phenol biodegradation in the external-loop airlifi reactor involves the following processes. which have 
been included in the model, 
1. transport of phenol from the bulk fluid across a boundary layer to the e n d  surface of the 
biofilm, 
2. simultaneous diffision and consumption of phenol and oxygen in the biofilm, 
3 .  biodegradation of phenol by the suspendeci cells in the reactor, 
4. biofitm growth and detachment. 
The following is the unsteady-state mode1 developed for the extemal-loop airlifi ICFBR. 
The key variables are the phenol concentration in the bulk fluid (Sb), the concentration of the heely-suspended 
biomass (Xs) and the biofilm thickness (6) as indicated by the bioparticle radius (r,). 
Substrate balances 
The bulk fluid uincentration of phenol (Sb) in the reactor can be expressed as follows by performing 
an overall mass balance on the bioreactor: 
Here, phenol is consumeci by the suspendd biomass and is also transporteci into the biofilm The total biofilm 
surface a m  (Aho) is e x p r e d  as, 
where r,- is the bioparticle radius at the extemal biofilm sudace and Np is the number of biopmicles in the 
system. The flux (J) of phenot fiom the bulk fluid to the biofilm surface at rjis expressed as, 
and the specific growth rate of suspended cells in the bulk fluid (ph)  is, 
To solve Equation 43. the phenol concentration profile in the biofilrn is rquired. A balance on phenol 
concentration in the biofilm (S,) is given by 
Herefis the active 6action of biomass and pf is the biofilm density [g DW cells/cm3 w a  biofilm] The local 
specific gowth rate in the biofilrn OI,) is given by 
and the difisivity ofphenol in the biofilm is given by 
Here Ds, is the diffisivity of phenol in pure water and D, Dw is a comection Factor as described in Section 
1 3 3 2 The above ?stem of equations is subject to the followino, boundary conditions: 
which accounts for the fact that the substrate cannot difise into the solid, non-porous support particle at the 
particle-biofilm interface and 
which expresses the continuity of the phenol flux at the bulk fluid-biofilm interface. 
Balance on suspended biomass 
Suspended biomass is produced through detachment of the biofilm and thou@ growth of the existing 
kly-suspended biomass. A balance on the suspended biomass is given as 
where &, is an overaIl rate of detachem [g DWLh]). & is aven as. 
where r~ is the specific detachment rate [h"] and is considered to be constant under conditions of connant 
solids fiaction in the suspension, gas velocity and temperature. 
Balance on biofilm biomass 
For a single bioparticle the rate of increase of biotilm mass (mb,) is given as. 
Because the inactive fiaction in the biofilm is assumed to be constant, EPS and inactive cells mus be produced 
in the biofilm at some rate that results in a constant hction of inactive biomass V;). The rate of bioftlm growth 
cannot be based solely on the rate of growth of active biomass. insteaci, the rate of biofilm gro~th  must be 
based on the increase in active and inactive biomass. This inmduces a problem, in that the kinetics will be 
detennined in suspended ceIl cultures in which W S  is not produced and essentially al1 the bacteria are active. 
However, at this point in the model, the production of EPS and inactive bacteria must be assumed to allow for a 
constant inactive &action in the biofiIm when it is gowing. This inconsistency is not arpected to pose a 
problem. Becausefif~ 1, the rate of biofilm growth for a single bioparticle is given as, 
Similarly, because the rate of detachment is assumed to be the sarne for the active and the inactive hctions, the 
rate of detachment for a single biopanicle is given as, 
Because the biofilrn is assumed to be of constant densit y, the rates of change in biomass and volume are equal, 
hence, 
Thus the rate ofbiofilm gowth in the radial direction is given as, 
Because the biofilrn thickness may change with time, the above synem of equations represent a 
moving boundary problem. This was dealt with by using the Leibniz nile (see Appendix A). 
influence of Reactor Rydrodynamics 
Because cornplete mixing of the bulk fluid is assumed in the model, di fferences between conditions in 
the various sections of the airlifl reactor are negiected. Reactor hydrodynamics are not explicitly wnsidered in 
the model; however, the hydrodynamics of the system are implicitly considered in h e  choice of the correlation 
for the extemal mass transfer coefficient. n ie  correlation of Mao et ai. ( 1992). Guation 2.74. for ks was chosen 
because it is the on1 y correlation which was developed for an extemal-loop airli fi reactor. 
4.3 Summary of  Model Parameters 
The following is a surnmary of model parameters and the methods that were used to estimate them 





















Met hod of parameter estimation 
batch- and continuous-culture kinctic 
experiments (see Section 3.4.2) 
tnie growth yield 
maintenance coeficient 
diftiisivity of pttenol in water 
ratio of difftsivities in the biofilm and water 
bioftlm densitv 
continuous culture experiments (see Section 
3.4.3) 
calculateâ usinp; Equaîion 2.42 
average literature value (see Section 5 1.3) 
calculated (sec Section 3 3.8) 
biornass active fraction- 
speci fic detac hernent rate 
,. liquid-solid mass transfer coefficient 
liquid hold-up 
estirnateâ (see Section 5.1.2.3) 
calculated using Equation 5.9 
calculateâ using Equation 2.74 
calculated using Equation 2.61 
particle radius 1 measured (see Section 3.3.4) 
volume of the reactor 
Nurnber of particles 
measured 
calculated (see Section 3.3.7) 
5 Results and Discussion 
This chapter includes. 
the results of batch- and continuous- culture studies performed to assess the phenol biodegradation 
kinetics of P. piidcl Q5, including temperature effects. 
parameter estimates obtained from a compilation of steady-state and dynamic conditions in the 
ICFB Rs, 
a discussion of the response of the ICFBRs to shock-loads in both phenol concentration in the influent 
and dilution rate, and 
an assessment of the ability of the model to describe the dynamics of the response of the ICFBRs to 
shock-loading.. 
5.1 Parameter Estimation 
5.1.1 Pbenol Biodegradation Kinetics 
A conventional method for estimating kinetic parameters is to conduct continuous or shake fiask 
experiments with cultures acclimated to the substrate at wncentrations at which the experiments are 
performed. In the case of phenol, which can be inhibitory at wncentrations above 30 mgR. acclirnation is 
helpful because shake flask experiments at concentrations above 300 m a  are usefiil in providing 
information for the determination of k;, the inhibition term in the Haldane model. Without acclimation, the 
delay before the culture begins to grow can be very long. For example, a delay of approximately 10 days 
was noted in a culture with an initial phenol concentration of 600 mca, which had been exposed to low 
b e l s  of phenol at 10°C. Some cultures under sirnilar conditions showed no signs of gowth after a month. 
Working with acclimated cultures is convenient; however. whether the data can be applied to reanors. 
which at steady state operate at a very low phenol concentrations, is an open question. 
The application of degradation kinetics determined from acclimated cultures to the cultures in the 
ICFBR conditioned to low-Ievel phenol concentrations was examîned in a series of batch experiments at 
10°C. The results of these experiments are discussed in Section 5.1.1.2, and are compared to the kinetics 
deterrnined using acclirnated cultures which are discussed in Section 5.1.1.1. 
5.1.1.1 Phenol Biodegradation Kinetics with Acclimated Cultures 
The kinetics of phenol degradation of P. purida QS were detennined by combining data fiom both batch 
and continuous suspended cultures operating at temperatures in the range of 1025°C (similar to the 
approach taken by Hill and Robinson (1975)). Batch cultures were used to degrade phenol at inhibitory 
concentrations, at which stable operation of a continuous suspended cet1 reactor would not be possible. 
Continuous cultures were used to evaluate kinetics at dilution rates below the critical dilution rate (the point 
at which washout would occur). 
Batch cultures were grown at phenot concentrations in the range of 20 to 600 mg/L Lag times of 
up to 3 hours were observed at higher concentrations. However, these were shorter than some reponed in 
the literature (Kotturi et al., 1991; Hill and Robinson, 1975); the reductions in lag times presurnably were 
due to the use of acclimated inocula which were in the log phase of growth when transferreci to the batch 
cultures. Also. relatively large inoculum sizes were used (approximately 30% vlv) ,  which have been 
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F i p e  5.1.  Typical ceII growth (A) and phenol degradation ( 0 )  during abatch experiment using P. puttda 
Q5 at 25°C and S0=366 mt@L phenol. 
ln batch cultures. the growth rate was determined as the slope of the straight line ponion of a plot 
of 1nY (where X is the ceIl dry weight concentration) versus time after the lag phase. In cultures with fairl y 
high initial phenol concentrations (300-600 mg/L). the specific gowth rate increased during the latter 
portion of the rua reflecting decreased inhibition as the phenol was consumed. thus, only the initial straight 
line portion of the curve was used in the analysis. The initial phenol concentration (S,) was used to 
represent the phenol concentration at each growth rate. Initial guesses for the Haldane parameters, p,, 
and KI were obtained using a Iinearized fom of the Haldane model at high phenol concentrations (S>Ks) .  
These were used as initial values when using nonlinear regression (using systatX) to enimate the Haldane 
parameters for the hl1 data set which also included the results from continuous experiments. 
Continuous cultures without cell recycle were gown at phenol concentrations in the feed in the 
range of 200-300 m a  and at dilution rates less than the expected critical dilution rate at a given 
temperature. The culture was assumai to have reached steady state when the optical density (indicatinp 
ceIl concentration) and phenol concentration were relatively constant over a 24-hour period. Experiments 
were run for more than 3 hydraulic retention times from the moment the shock was applied. The specific 
growth rate was takcn as the dilution rate at which the system was operated. Five steady-state phenol 
concentrations were rneasured at each dilution rate and were averaged. PhenoI concentrations were 
typically low ( 1-4 mg/L). but reached up to 38.5 mgR when a high dilution rate was used (0.2 13 h" at 
20°C). 
A linearized forrn of the Haldane model at low phenol concentrations (S<<K,) was used to estimate Ks 
l'Yom the continuous data which was used as an initial guess in the nonlinear regression of the hll data set. 
Estimation of Kinetic Parameters 
The Haldane parameters (p,, KS K,) were determined using non-linear regression using a quasi-Newton 
technique using the natinical software package. systata. The parameter estimates for P. puri& Q5 at Four 
different temperatures are presented in Table 5.1 together with the results fiom other studies using various 
mains of P. purida, most of which are mesophiles. The parameter estimates at 25°C are similar to those 
estimated for mesophiles at 30°C, although it is surprishg that the p, for two suains of mesophilic P. 
putt& (Chi and Howell, 1976; Hutchinson and Robinson, 1988) at 30°C was lower than the value obtained 
for psychrotrophic P. purich Q5 at 2S°C The parameter estimates at I O°C for p,. kl,.. and KI [O 1 12 + 
0.012 h-'. 2.50 * O 75 mg& 175 i 56 mglL. respectively] are different fiom those of Komiri et al. 
( 199 1 )[O. 1 19 h". 5.27 m@L. 377 mgL]  using the same strain of P. prrtrdo at the sarne temperature. 
Specific growth rates ealculated from Komri's data (determined as the slope of the initial straight-line 
portion of the 1h.Y versus time curve for each experiment) are plotted in Figure 52. dong with the data 
obtained in the present work; the two data sets are consistent within the variability obtained with this type 
of biological experiment The data fiom the present work are also consistent with the results obtained by 
Kolenc et al. (1988) for P. puri& Q5 with salicylate as the carbon source. Generation times calculated 
fiom experimental values of (P. pirtida Q5 growing on phenol). using Equation 2.1 I agree well with 
Kolenc's values (P. putirla Q5 on salicylate); for example. at 10 and 25°C the respective generation times 
of P. puri& 45 were 7 1 and 2.0 h with phenol as a substrate, and 6.3 and 2.1 h with salicylate as a 
substrate (Kolenc et al., 1988). 
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Figure 5.3. Data (m) fiom batch and continuous phenol degradation experirnents using P. putru21 Q5 at 
10°C compared to data (a) fiom batch experiments by Kotturi (1989) The fitted curve [-] was plotted 
using the Haldane parameters: u,,,,=û. 1 12 h". Ky2.50 m e .  K~175 mgL. 
Several problerns were encountered when fitting the data to the Haldane model. Pion-linear 
regression techniques are sensitive to the choice of initial values of the parameters, resulting in multiple 
parameter sets (Sokol and Howell, 1981; D'Adam0 et al., 1984). Multiple parameter sets were obtained at 
several of the temperatures by varying the initial estirnates. The parameters presented in Table 5.1 (present 
work) are thox with the higher ? values. They also more closely match the data close to the critical value. 
p'. which is where the growth rate peaks. The Haldane model was found to underestimate the o b s e ~ d  ,u' 
values at al1 temperatures by 3-15%. depending upon the temperature (see Figure 5.3). The value is key 
in predicting washout in steady-nate conditions for continuous reactors, so using the Haldane model would 
result in lower predicted critical dilution rates than the observed kinetic data would suggest. 
In Figure 5.3. the fit of the Haldane model for p versus S is compared to that of the other models 
shown in Table 2.2 using the parameter values given in Table 5.2. It is clear fiom the plots in Figure 5.3 
and the +-values in Table 5.3. that there is littie difference among the prediaions of the various models at 
phenol concentrations below 250-300 m a ,  depending on the temperature. The model predictions diverge 
fiom each other at phenol concentrations above 350 mfl; however, stable operation of a continuous 
reactor. even with a biofilm present, is not expected at these higher concentrations. A slight irnprovement 
(2-3%) in the prediction of was obtained with the model of Webb (1963) at 10 and 2S°C. however, in 
pranice the improvement was not large enough to justi@ the use of a four parameter model instead of the 
Haldane model which has three. The model of Edwards (1970) also fit the data slightly better at 15 and 
20°C. however. none of the models consistently described the data best at dl temperatures. 
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Figure 5.3 Cornparison of the fit of substrate-inhibition models with the data [.] at: a) 10°C b) 15°C c) 
20°C and d) 25°C for P. prrtida Q5 using the models of Haldane (1930)[-1, Webb (1963)[- - - -1, Yano 
et al. (1966)[--1, Aiba et al. (1968)[- - -1, and Edwards (1970)[- - -1. The inhibition models are given 
in Table 2.2 and model parameters are given in Table 5.3. 
Table 5.2. Parameter Estimates and Regession Statistics for Various Substrate-inhibition Models 
Estimates 
Temperature Model ? 
( O C )  
Haldane ( 1 930) O. 112 2.50 175 0.956 
. Webb ( 1963) O. 127 3.24 73.4 3 57 0.958 
1 O Yano et al. ( 1966) O. 1 08 2.35 137 3 56 0.955 
Aiba et al. (1968) 0.101 1.94 326 0.954 
Edwards ( 1970) 0.095 2.93 357 0.954 
Haldane ( 1930) 0.196 3.87 167 O. 989 
Webb (1963) 0.22 1 4.94 81.5 536 O. 983 
15 Yano et al. ( 1966) O. 178 3.13 287 512 0.99 1 
Aiba et al. (1968) O. 178 3.10 300 O. 992 
Edwards ( 1970) , 0.1 63 4.14 340 0.993 
Haldane ( 1930) O. 277 2.89 25 1 0.994 
L 
Webb (-1963) 0.306 1 3.98 119 669 O 993 
20 Yano et al. ( 1966) 0.255 2.12 43 8 638 0.993 
Aiba et al. (1  968) 0.253 1.96 459 0.993 
Edwards ( 1970) 0.239 4 08 502 1 0995 
Haldane (1 930) 0.4 19 7.09 22 1 O. 976 
Webb (1963) 0.470 8.75 105.6 662 0.979 
35 
AibaetaL(1968) 0.371 5.49 446 0.971 
Edwards ( 1970)' - - 
No convergence obtained in curve fitting. 
Effect of Temperature on Kinetic Parameters 
The effect of temperarcrre on the Haldane parameters is shown in Figure 5.4. All three Haldane parameters. 
p,,,,, Ks, and KI, increased with increasing temperature. 
Hafiane Itfairrmurn Specific Growth Rate. tu& - 
The Arrhenius (Equation 2.24) and square-root (Equation 2.30) models (both usually applied to 
the Monod model constant p,) were appfied to the estimates ofp-obtained corn the batch and continuous 
experiments. The Arrhenius model was chosen over others in Table 2.3, because it is widely applied in the 
literature and it has the fewest number of parameters. Of the square-root models presented in Table 2.4, 
Equation 2.30 was chosen because it applies specifically to growth at temperatures below the optimum 
temperature for growth (between 25 and 30°C for P. pzrfrda Q5 (Kolenc et al.. 1988). Parameter estimates 
for each of the models were obtained through Iinear regression of the Arrhenius and square-root plots. 
Temperature (OC) 
O 10 20 30 
Temperature (OC) 
- 
Temperature ( O C )  
Figure 5.4. Temperature effen on the Haldane model parameters a) p, b) Ks and c) K[ using the 
Arrhenius modei (Equations 2.24S.1 and 5.3. respectively) [-] and the square-root model (Equations 
2.30, 5.2 and 5.4. respectively)[--1. 
The estimate of the temperature characteristic for p ,  in the Arrhenius model (&=6 1.6 Id/mol; 
~=2.78x10" h") was well within the range of values reponed in the literature for diffèrent organisrns and 
substrates, but for similar temperature ranges (see Table 5.3). Note that the temperature characteristic is 
'constant' only over narrow temperature ranges and tends to increase as temperature decreases. Activated 
sludge (presumed to be composed primarily of mesophiles) had a lower temperature characteristic [39.0 
W/mol](Benedek and Farkas, 1970) in a similar range of temperatures (10-20°C). although the reason for 
this is  not known. 
Table 5.3. Cornparison of t 
Reference 
Paiumbo and Witter 
( 1969) 
Benedek and Farkas 
( 1970) 
Reynolds et ai. ( 1974) 
Langeveld and Cupems 
( 1980) 
Brocklehurst and Lund 
(1981) 
Melin et al. ( 19%) 
Willocx et al. (1993) 
Present work 
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P. puti& Q5 
In the case of the square-root model, the characteristic temperature (TJ for p, was estimated as 44°C. 
This is comparable to the value reponed for psycluotrophic P. fluorescens [T,= -1.4"CI (Willocx et ai.. 
1.1-1 1.5 
10-25 
1993). T, corresponds approximately to the minimum temperature for growth, which in this case is not 
tryptone soy broth 
phenol 
known for P. pufich QS. Kolenc et al. ( 1988) reported significant growth on salicylate at 0°C for P. p ~ i &  
Q5; thus, a predicted minimum temperature for growth on phenol of -6.4"C also seerns reasonable. 
Arrhenius and square root plots (Figure 5.5) for p,, showed that either relationship could be 
applied to model p,. The ? value of 0.9999 for the square-root model (Equation 2-30) was higher than 
the r-squared vaiue of O 992 for the Arrhenius rnodel (Equation 2.23) While it would be preferable to have 
more data over a wider temperature range before one relationship i s  considered better than the other. 
nonetheless the square-root rnodel was applied to the current work 
- -- -p - - - - -- - 
3.3 3.35 3.4 3.45 3.5 3.56 
O 10 20 30 
Temperature (OC) 
Figure 5 .5 .  a) Arrhenius plot and b)square root plot for p,, 
It should be noted that the Haldane and Arrhenius models are ernpirical models when appiied to 
biological systems, as the original enzyme and thermodynarnic bases for the models do not apply to 
complex living systems in which potentially hundreds of reactions are occumng simultaneously Thus. one 
must be careful when inferring physical significance about parameters such as p, or M' The square- 
root models were developed as empirical models without any biological bais (Zwietering et al., 199 1 ) T,, 
roughly corresponds to the minimum temperature for growth when applied to the maximum specific 
growth rate p, (and may also do so for the Haldane parameter p,), however, there is no reason to believe 
that it has any physical rneaning when applied to other parameters such as Ks and K,. 
Sàtrrration Coristanr. (Kr) 
The Arrhenius and square-root models were also applied to the estimates of Ks usine the equations: 
Both models are plotted with the data for Ks in Figure 5.4b. The Arrhenius model fit the estimates of Ks 
very well Linear regression of the ln-transformation of the Arrhenius equation yielded a ?-value of 0.993. 
The estimate of AH; was 47.6 Wlmol (A=I  .53xlo7 m@). which is within the range of 20.9 to 100 W/mol 
reported in the literature (Man et al., 1963; Knowles et al., 1965; Stevens et al., 1989). The fit of the 
square-root model to the estimates of Ks was not as gwd, with ?-value of 0.982. The paramaer values for 
bs and T7,- were 0.0704 ( m g / L . o ~ ) 1 2  and -l?.O°C, respmively. The Arrhenius model will be used to 
model the effect of temperature on Kg because the ?-value was higher. 
H a i h e  Inhibition Consmtr. (Ki) 
Kr was less sensitive to temperature than the other parameters ( s e  Figure 5.4~). K, decreased as temperature 
decreased, suggesting that the inhibition effect of phenof increased as the temperature dmeased. This effect 
was also reponed by Eismann et al. (1994) for phenol-degrading methanogenic cultures. The Arrhenius and 
square-root models were applied to the estimates of K! using the following equations: 
The squaremot model (b,4.128 (mg/L-O~)'" and TL+9 1.7OC). with an ?-value of 0.826 fit the data slightly 
bener than the Arrhenius mode1 (&f;=12.78 kJImo1 and ~=3.86x10' m a )  with an ?-value of 0.8 18; 
however. the two curves are aimost indistinguishable. as shown in Figure 5 4c. The squaremot model was 
chosen to model the effect of temperature on Kr in this work. 
Yield and Maintenance CoefiTcients 
The true growth yield (Y,) and maintenance (m) coefficients were related to the apparent gowth yield (Yvs) 
using the relationship given by Pin ( 1965) 
Values of Y, and m at the four temperatures tested in both batch and continuous cultures are given in Table 
5 4 
The apparent yield ( Y K ~  -dY/dS) was calcuiated for each batch experiment by deterrnining, using 
linear regression, the dope of a plot of .Qt) versus S(r) for the initial portion of the exponential growth 
phase (defined as the straight line ponion of the InY versus time plot just after the end of the lag phase). 
Generally, Ycs decreased with increasing phenol concentration (see Figure 5.6), as would be expected Frorn 
the definition in Equation 2.7 (p decreases with increasing S beyond s*). approaching a value of 
approxirnately 0.4 gig at higher phenot concentrations. This means that an average value for YVs, should 
not be applied over a wide range of substrate concentrations. Considerable variability in the values of Yïs 
was observed, especially at low phenol concentrations (Sc 100 mg/L). The observed variability in the case 
of batch cultures was in excess of that expected from measurement error and may be due to some unknown 
factors impacting the growth or metabolic state of the bacteria during the experiments. On the other hand, 
there was much less variability in YyS in continuous cultures, possibly because the range of steady-state 
substrate concentrations was very narrow. As shown in Figure 5.6. the ranges of values for Ycs determined 
%orn batch and average values for continuous cultures are consistent with those reported in the Iiterature for 
various strains of P. puri& [0.52-0.78 g dry weight/g phenol] (Chi and Howell. 1976; Hill and Robinson, 
1975; Hutchinson and Robinson, 1988). 
O 100 200 300 400 500 
Phenol Concentration (mgIL) 
Figure 5.6. Observed yield values for P. purida QS in batch cultures at 25°C. 
Y,and m were estimated separately fiom batch and continuous data at each temperature using 
plots of I/Yys versus 1/p (which should have a slope, m, and an ordinate intercept, f Y,). Examples of 
these plots are shown in Figure 5.7 for temperatures of 10 and 25°C. (Note that the two outliers in Figure 
5.7a were not included in the regression plot shown or the calculated values for Y, or m in Table 5.5.) 
Variabilitv in the vield data in batch cultures. panicularlv at 10°C. made it difficult to obtain meaningful 
parameter estimates. The cell-yieid data fiom batch and continuous experiments (Table 5 . 5 )  were 
significantly different, indicating that yield data From batch experiments are likely to be poor predinors of 
yield parameters in continuous systems, and vice-versa. 
Figure 5.7.  . Plots of l/YLs vernis Ilp for the determination of Y, and m for P. purida Q5 at a)  1 O°C and b) 
25°C for batch 1- and continuous [-] data. 
Table 5.4. Yield Parameters for P. putrrla Q5 fiom Batch and Continuous Experiments 
-- --- - 
* Data at 15 and 1 0 " ~  was insufficient to accurately evaluate Y, and m. 
As show in Table 5.4, the maintenance coefficient was 3-5 times higher in batch cultures than in 
continuous ones at the same temperature. Intuitively. this makes sense because at high concentrations of 
phenol, as in batch cultures, at least initially, inhibition effects are stronger and the energy expended to 
maintain cell membrane integrîty would be expected to be higher. Although the rnechanisms of inhibition 
of phenol are not known, there is some evidence that effects on membrane hnctionality may play an 
important role. Exposure of E. coli to phenol has been shown to result in leakage of K' ions and ATP 
(Heipieper et al., 1990, 1991 ) and nucleotides (Heipieper et al., 1991). E col1 bacteria respond by 
changing their membrane structures by increasing the protein to lipid ratios in both the cytoplasmic and 
outer membranes to make the membranes less permeable (Keweloh et al., 1990a). 
The nature of the Haldane curve, due to the inhibitory effect of phenol, results in two possible 
values of wbstrste concentration for each specific growth rate (e.g. 5 and 400 mg/L phenol at p= 0.18 h" at 
25°C). However, the Pirt (1965) definition of the maintenance concept (Equation 2.7) would indicate that 
for a given growth rate, one would expect the same observed yield, assuming that the maintenance 
coefficient is constant. From Figure 5.6, it is clear that the observed yield values are not independent of 
substrate concentration. Thus, the maintenance coefficient cannot be assumed to be constant over wide 
ranges of substrate concentration. Equation 2.7 should be used with caution when applying it to inhibitory 
substrates; it should probably be used oniy for cases where the substrate concentration is less chan (: 
The average value for Y, in Table 5.4 is 1.39 g DWIg phenol, which is very close to the theoretical 
value of 1.44 g DW/s phenol, calculated by Kotturi et ai. (1989) based on an average biomass composition 
(CSH7Na).  Because Y, is defined as the theoretical yield assuming complete conversion of the substrate to 
ce11 material, its value should not change with the type of experiment performed or range of substrate 
concentration used. 
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The Effect of  Temperature on True Yield and the Maintenance Coefficients 
As mentioned previously, the yield data varied considerably between experiments. It is not 
possible to define quantitative rel ationshi ps between Y, and m and temperature. However, several general 
statements about the trends observed in the parameter estimates can be made. 
For several types of microorganisms. f', has been reponed to remain constant within limited 
temperature ranges (Bajpai and Margaritis. 1987. Esener et ai., 1983; Fieschko and Humphrey, 1983; 
Huang and Chen, S.-Y ., 1988, Kim et al.. 198 la; Mainzer and Hempfling, 1976; Moletta et al., 1978; 
Topiwala and Sinclair, 1971; Zhang, W.E. et al.. 1995). The values of & observed in the current work in 
the range of 10-20°C (Table 5.4) are consistent with those previous observations, which are within the 
usual variability expected in the yield values. The maintenance coefficient increased with temperature in 
both batch and continuous cultures (Table 5.4). which is also consistent with pnor results (Fieschko and 
Humphrey, 1983; Heijnen and Roels, 198 1 ; Mainzer and Wempfling, 1976). 
5.1.1.2 Phenol Biodegradation Kinetics of P. puti& Q5 Acciimated to Low Levels of Phenol 
Microbial cultures which occur in continuously operated systems at pseudo-steady-state conditions are not 
acclimated to the high transient phenol concentrations that miyht occur during a shock-load (or the high 
phenol concentrations used in batch kinetics testing). Many researchers have used acclimated cultures to 
determine phenol biodegradation kinetics (Pawlowsky and Howetl, 1973a; Hill and Robinson, 1975; Sokol 
and Howell. 1981 ; Sokol, 1987. Hutchinson and Robinson, 1988; Folsom et al., 1990; Kottun et al.. 199 1; 
Schroder et ai., 1997). 
To investigate the kinetics of cultures of P. putida Q5 which were not acclimated to high 
concentrations of phenol, batch kinetic experiments were conducted at IOOC using celIs taken from the 
effluent strearn of the KFBR. Initial concentrations of phenol ranged fiom 25 to 3 15 mg/L phenol. 
There were two types of response to the addition of phenol. In some cases, the result was 
balanced growth (eg. see Figure 5.8) afler a brief lag period. In other cases. the result was unbalanced 
gowth (see Figure 5.9) during which the phenol was consurned, likely converted to an intermediate but not 
to biomass, and aAer a delay, ceil growth occurred. During unbalanced growth, traditionai definitions of 
growth rate and yield were of no use. It is not clear why the two different types of growth were observed, 
as the conditions and inoculum were the same. In the case of the two examples in Figures 5.8  and 5 9. the 
initial phenol concentrations were also the same. 
Most experiments appeared to follow balanced growth kinetics (eg. range in S, was 25 to 260 
mg/L phenol). The few experiments in which the growth and phenol uptake appeared to be uncoupled 
were at initial phenol concentrations of SC, 83 and 148 m u .  If the phenomenon had been due to a delay in 
the synthesis of RNA. a larger effect would have been eitpected at the higher phenol concentrations; 
instead, the opposite was m e .  As most of the experiments appeared to result in reasonably balanced 
growth (the cells grew at the same time as the phenol was consumed), the kinetics were calculated using the 
same approach for simplicity as for the acclimated cultures 
O ]  ' 0.145 
0.00 0.50 1 .O0 1.50 2.00 
Time (h) 
Figure 5.8 Balanced growth with cells acclimated to low levels of phenol at IOOC with S,=53 mg/L phenol 
showing phenol concentration (a) and biornass concentration ( A ) .  
Two other models were tested. The mode1 of Yano and Koga (1969) was simplified to the fom 
used by Schroder et al ( 1997) given as: 
0.00 0.20 0.40 0.60 0.80 
T i m  (h) 
Figure 5.9. An example of unbalanced growth with cells acclimated to low levels of phenol at IO0C with 
S,=52 m a  phenol showing phenol concentration ( 0 )  and biomass concentration ( A )  
The specific growth rates of the unacclimated batch cultures at each initial phenol concentration 
are show in Figure 5.10, with the addition of the results fiom acclimated continuous cultures at low phenol 
concentrations. It was not possible to perform batch experiments at concentrations less than 20 mg/L 
phenol because the biodegradation occurred quickly, and the small changes in ceIl concentration were 
difficult to separate fiom measurement error. It was assumed that because the continuous experiments 
were perfoned at low phenol concentrations (below 20 mg/L) the response of acclimated and 
unacclirnated cultures would be similar. 
The Haldane parameters (p,, Ki. KI) were daennineci using non-linear regression of the 
combined batch- and continuous-culture data set with the natistical s o h a r e  package. SPSS' A lem- 
squares non-linear regression of the data yielded a parameter set that did not reprisent the fonn of the curve 
very well. In pmicular, the Haldane mode1 prediw a more gradua1 decrease in the specific growth rate 
(see Figure S. 10). Aithough the general shape of the mode1 xems to apply to acclimated cultures (see 
Figure 5.11). the decrease in specific growth rate for unacclimated cuitures was much steeper than the 
Haldane mode1 predicted above initial sibnrate concentrations of 200 rngiL, even when the inhibition 
constant, KI was decreased to 85 mg/L (not shown). 
A simplified version of the model of Luong ( 1  987) was used with n= 1. given as. 
where ,ri, is the substrate concentration above which yowth ceases. Both models fit the data better than the 
Haldane model (see the i values listed in Table 5.6). The model of Luong (1987) predicted the decreasing 
specific growth rate at higher concentrations of phenol (200-300 mg/L) better than the others shown in 
Figure 5.10. The model of Han and Levenspiel (1988) was also tested, but did not provide any 
irnprovement to the model of Luong (1987) despite being more comple~ but simiIar in form. 
The model of Luong ( i 987) predicts that at approximately 40 1 mgL phenol. the unacclimated cells 
will stop growing. This cannot be confirmed by the data, as no expefiments were pertbrmed at this 
concentration. Bacteriostatic concentrations as hi& as 2 g/L have been reponed (to Ercherzchia col; celis) 
(Heipieper et al., 1991); however, other data have shown that 350 mg/L phenol can cause lysis of bacterial 
cells (E. coli, Staphlmocci and Sfreprococci) (Howell and Jones, 198 1 ). Heipieper et al. ( 199 1 ) reponed 
that irreversible leakage of K' occurred with unacclimated P. purich; however, acclirnated cultures were 
able to reabsorb the K*. It is likely that unacclimated cells wilI be damaged by phenol at concentrations 
that are well tolerated by acclimated cultures. Thus, a bacteriostatic concentration of 401 mg& is possible 
for the unacclimated culture. 
The kinetic data fiom acclimated cultures at 10°C are cornpared to the data fiom unacclimated 
cultures in Figure 5.11, ploned with the Haldane model for the acclimated kinetics and the simplified 
Luong model (Equation 2.2 1) for the unacclirnated kinetics. The unacclimated cultures were more snongly 
inhibited by phenol than the acclimated cultures. The values for listed in Table 5.5. as calculated From 
the fined curves. were Iowa for the unacclimated culture; however. the values for S' appear to be higher 
for al1 three models tested. This is unexpected, given the higher inhibition that is apparent from the data. 
The lowest concentration tested in the unacclimated batch cultures was 25 mg/L. compared to the lowest 
concentration of 12 m g L  for the acclimated batch cultures. It is possible that the critical point for the 
unacdimated cultures was outside the range of initiai substrate concentrations tested. 
0 - I  
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- - - - -  Haldane (1 930) 
Luong (1 987) 
........ Yano and Koga 
(1 969) 
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Figure S. 10. Specific growth rates of acclimated continuous cultures ( A )  and batch cultures previously 
acclimated to low levels of phenol at 10°C (+). Fitted curves are from the modeis of Haldane (1930). 
Luong (1987) and Yano and Koga (1969) using the parameters in Table 5 6. 
So (mglt phenol) 
Figure 5.1 1. Plot of data fiom acclimated continuous and batch kinetics experiments ( A) and unacclirnated 
batch experiments (+ )  at 10°C with P. putiah QS. Fitted curves are for the Haldane mode! using 
parameters fiom Table 5.6 for acclimated (-1 and unacclimated (- - - - ) kinetics. 
Table 5.5 Cornparison Between the Phenol Degradation Kinetics of Acclimated and Unacclimated 









The Haldane model was found to describe the phenol biodegradation kinetics of acclimated 
cultures of P. p t i c h  Q5 quite well at 10, 15, 20, and 25°C. The temperature dependence of p,, was found 
to be better described by the square-root model (Equation 2.30) than the Arrhenius model (Equation 2.24). 
The saturation constant increased with increasiny temperature and was best described by the Arrhenius 
model (given as Equation 5.1 ). The inhibition constant was found to increase with increasing temperature, 
indicating that the inhibition effect is stronger at lower temperatures. The overall temperature-dependent 
kinetic equation for acclimated cultures is expressed as: 
t- 1 
~ + i . 5 3 ~  1 0 ' ~  T*273 + a- 
[O. E8(T  + 91 .7)12 
for T in O C .  
The values for the maintenance coefficient, m. at 10 and 25°C were 0.044 and 0.063 ç. phenoVg 
cells-h. respectively, in the continuous cultures. The values for rn in batch cultures were 3-5 times higher. 
The maintenance coefikient was found to increase with increasing temperature. 
The average m e  growth yield (Y& value was 1.39 g ceIldg phenol, which is very close to the 
theoresical value of 1.44 g ceIldg phenol (Kotturi, 1989). 
The phenol biodegradation kinetics of unacclimated cultures were better represented by a 
simplified form of the model of Luong ( 1987) (Equation 2.20) than the model of Haidane ( 1930) (Equation 
2.10) because the inhibition effect seemed to be nronger at higher phenol concentrations than it was for 
acclirnated cultures The critical specific growth rate. was also lower (0.071 5 compareci with 0.089) 
than it had been for acclimated cultures. The resulting expression for the phenol biodegradation kinetics at 
10°C was: 
5.1.2 Biofilm Characteristics 
5.1.2.1 Biofilm Dry Density ( p / )  
The average biofilm dry density (p) was calculated according to Equation 3.7 using the biofilm dry weight 
and average bioparticle diameter for each sarnple. The values were corrected for the presence of 
uncovered panicles; that is, the number of particles in the sampie was corrected by the percentage of 
particles that had traces of biofilm according to image analysis software results. The resulting average 
biofilm densities are listed for each experiment in Table 5 6. Al1 experiments were performed at 10°C. 
The biofilms appeared to be homogeneous in nature (in the experiments listed in Table 5 7 - see Section 
5.2 .2)  and did not include protuberances. The data was collected for fairly thin biofilm thicknesses in 
which substrate and oxygen depletion was not expected. There seemed to be no relationship between 
biofilm thickness and the biofilrn dry density. The values obtained for each experiment were used in the 
simulation of that experiment. The average value in Table 5.6 is a dry density of 0.23 g ~W'lcrn', which 
was the value used in the simulations for Runs 1-4. for which there was no biofilrn densitv data. 
Table 5.6. Average Biofilm Densities Measured Experimentally at 1 O°C 
1 Experiment 1 Biofilm ~ensity' 1 Biofilm ~hickness' during Run 
1 0.29 1 0.23 
includes both neady-state and dynamic data 
5 
6 
5.1.2.2 Inactive Fraction (n 
Biofilms consist of cells, extracellular polysaccharides (EPS), precipitates, silt or fibrous material 
and gas bubbles (Stewart. 1998). Calcium aiso accumuIates within the biofilm because of its role as cross- 
(4, [ciml 
7 - 28 
13 - 40 







iinking agent for the EPS (Applegate and Bryers, 1991). Also. a portion of the bactena may be 
metabolically inactive, particularly in the inner layers of thick biofilms (Zhang, T. C and Bishop, 1994b; 
Bishop et al., 1995) Thus, the conventional dry weight technique for evaluating the biomass concentration 
of suspended cells will likely include other components in addition to cel1s. when applied to biofilms. If 
growth and degradation kinetics (which are based upon dry weight measures of biomass) are applied to 
biofilms. the growth and substrate uptake rates of the biofilms will be overestimated unless an allowance is 
made for inactive cells and non-cell dry matter. The parameter,f: was defined as the portion of the biofilm 
(expressed as dry weight) that corresponded to metabolically active bacteria. 
The data for extracellular polysaccharides were examined to determine if EPS was a major 
component of the biofilm dry weight. The EPS content of the biofilm (expressed as g glucose 
equivalentdg sand) appeared to comprise only 3-5% of the dry weight on a mass basis, as shown in Table 
5.7, and did not appear to be related to biofilrn thickness (listed in Table 5.6). This result appears to be low 
(compared to the range of 3% (Ohashi and Harada, 1996) to up to 90% (Bakke et ai., 1984)) and rnay be a 
consequence of the technique used to evaluate biofilm thickness, possibly due to losses during agitation. 
The biofilrn was not expected to contain debris or particulate matter, because the feed was a 
spthetic one, composed of dissolved components (as described in Section 3.1.2). It is likely that a portion 
of the calcium in the medium was incorporated into the EPS matnx in the biofilm (Turakhia and 
Characklis, 1989). Although the metabolic activity of the bacteria in the biofilm was not measured, it is 
likely that most of the bacteria were metabolically active (Zhang, T. C. and Bishop, 1994b) because the 
biofilms were very thin and were not expected to be substrate or oxygen depleted. In other studies using 
much thicker biofilms (where less than 500 pm was considered thin) the ratio of viable cells to total 
biornass in the top layers was found to be 72-91s (Bishop et al., 1995, using lipid phosphate analysis) and 
83-86% (Zhang, T. C. and Bishop, 1994b, using INT analysis, a dehydrogenase activity test). Thus, given 
the presence of EPS and the possibility of non-viable cells and caIcium in the biofilm, a value of 0.85 was 
chosen for the parameter f 
Average Standard Deviation 
3.2 1 .O 
S. 1.3 Mass Trans fer Coefficients 
Diffusion Coefficients (&, D/Dw) 
The diffision coeficient of phenol in water (DL,) was calculated according to Equation 3.40. The 
difision coefficients of phenol in water at temperatures between 10 and 25°C are listed in Table 5 8. 
The relative effective permeability (D, D,) (see Section 2.2.3.2) was estimated by averaging 
literature data (Tang and Fan, 1987; Livingston and Chase, 1989; Fan et al., 1990) which had been obtained 
for phenol diffising in biofilms which were of a similar density to the biofilms which forrned in this study. 
The value used for De D, in the simulations was 0.1. This was similar to the value of 0.06 calculated using 
the mode1 of Beyenal et al ( 1  997) (Equation 2.42) which was adjusted to yield the DeD, parameter. 
External Mass Transfer Coefiicient (k,) 
The extemal mass transfer coefficient (k,) was calculated according to Equation 2.74. The correlation was 
developed for a system which was similar to the one used in this study (Mao et al., 1992) (see Table 2.9), 
except that the particle diameter was much larger (3.8 mrn as opposed to 0.2 mm). Extemal mass transfer 
has been shown to be independent of particle size in the range of 1-4 mm (Arters and Fan, 1986). The 
values ofk, listed in Table 5.8 are 3 to 4 times higher than others listed in the literature for similar systems. 
Tang et al. (1987) obtained a value of 0.005 c d s  using the benzoic acid dissolution method in a drafi tube 
tluidized-bed reactor. Livingston and Chase (1989) obtained a vaiue of 0.0066 cm/s using an ion-exchange 
resin in a draft tube fluidized-bed reactor. Either k, is higher in extemal-Ioop airlifi reactors than in draft- 
tube reactors or the correlation does not apply well to the system that was used in this study. A value of 
0.01 1 cm/s was used for simulations at IOOC. The importance of the externid mass transfer coefficient in 
the ICFBR is discussed in Section 5.3.3. 
Table 5.8. Diffusion and Mass Transfer Coefficients Calculated at Ir), 15, 20. and 25°C 
[ Temuerature 1 Difision Coefficient of Phenol in Water 1 Enemal Mass Transfer coefficient' (k,). ( 





5.1.4.1 Bare Particle Diameter (d') 
Bare sand particles were photographed and measured according to the image anaiysis technique described 
Gas flow rates in the riser sections were 0 . 9 1 d s  and 0.93 d s  for the Plexiglass and glass reactors, 
1 5 8 2 x  10" 
1 847x IO-' 
2 . 1 3 7 ~  10" 
2.445.q 10'' 
in Section 3.3.4. Sand particles were also retained from the EPS analysis and were photographed and 
0011 
0 . 0  13 
0.015 
0 018 
measured in the same way. It was assumed that the concentrated sulphuric acid used in EPS analysis 
effectively dissolved the biofilm fiom the sand particles. The results are listed in Table 5.9 
The average ferret diameter (sphere-equivalent diameter as detined in Section 3.3.5)  of the bare 
unused sand was lower than the average diameters of sand in the two reactors. This may have been due to 
attrition of smaller diameter particles fiom the reactors over time durhg the running of expenments. The 
distribution of particles show in Figure 5.12 for the bare unused sand included a significant fraction of 
particles with diameters equal to or less than 0.16 mm. 
The sand tiom the two reactors had a very similar size distribution (see Figures 5.13 and 5.14). It 
is interesting that despite the very different histones of the two reactors and the biofilm thicknesses 
achieved in eack the average bioparticle diameter and size distribution in the two reactors were almost 
identical. The values used for the average bare particle diameters in the simulations were those listed in 
Table 5.9 for each of the reactors. 
Table 5.9. Average Particle Diameters of Base Unused Sand and Bue Sand fiom Both Reactors 
) Description of Sand 1 Average Ferret 1 Standard Deviation 1 Number of Particles in 1 
Bare unused sand 
Bare used sand fiom the 
Plexiglass reactor 
Bare used sand tiom the 












Figure 5.12. Histograrn of unused bare sand particles 
Figure 5.13. Histogram of used bare sand particles fiom the Plexiglass reactor 
Figure 5.14. Histogram of used bare sand particles from the glas reactor 
5.1.4.2 Number of  Particles (Np) 
The number of particles (Np)  in the reactor during each experiment was determined according to Section 
3.3.7 A known mass of sand was added to each reactor. Some of the sand settled out and deposited in 
similar locations in both reactors where there was not enough turbulence to dislodge it. Both reactors had 
deposits of sand in the bonom of the riser immediately below the sparger and next to the junction with the 
downcomer, at drainage and sampling ports and on the incline leading to the downcomer in the _sas 
disengagement zone. Doubhg the gas flow rate did not solve the problem. Unfomnately the sand 
dislodged when emptying the reactor, so it was not possible to empty the reactor of circulating sand and 
then wash out the settled sand to measure the mass of sand that had deposited. The mass of sand deposited 
in the reactors was estimated by visualIy comparing the volumes of sand that were deposited to an 
equivalent volume of sand outside the reactor. Approximately 24 gram of sand was deposited in each 
reactor. This arnount was subtracted Eiom the total amount added to each reactor. 
Sand was lost fiom the reactors when fixing plugged spargers. Both spargers became plugged on 
several occasions due to nist particles blocking the holes. This problem panicuIarly atTected the Plexiglass 
reactor because the sparger had been made of low-grade stainless steel. The spargers were exposed to 
severe conditions (15% bleach solution during sterilization and constant moisture) and began to nis t  inside 
afler about a year of operation. A vacuum pressure was applied to the air chamber below the sparger until 
liquid fiom the reactor staned to fi ow through. Then the air supply was turned on and the chamber was 
drained of fluid. During this process up to 3 g sand was lost each tirne. Due to an oversight, these losses 
were not measured during al1 of the experiments. It is possible that sand was also lost in the effluent Stream 
of the reactor. Apart fiom a few reactor upsets that did not a e c t  any of the experiments, sand was not 
detected in the effluent containers as they were emptied after autoclaving, however. it is possible that smail 
quantities of sand were lost in the effiuent over the long periods that the reactors were in operation (over 
100 days for each reactor) 
Sand was also lost during sampling. The volume of fluid withdrawn From each reactor was 
recorded and the volume of sand lost through sampling was estimated using the average mass of sand per 
millilitre sample (which was calculated as pan of the EPS analysis). The average mass of sand per 
millilitre sampfe was refatively consistent during a mn. Although the concentration of sand in each sample 
was not representative of the whole reactor due to the varied distribution of sand in the reactor volume, it 
was considered to be proportional to the mass of sand circulating in the reactor. Unfonunately, the 
cumulative mass of sand Iost through sampling did not correspond proportionally to the decrease in the 
average sand concentration in samples. The average sand concentration in samples indicated a lower 
concentration than would be expected from measured losses. Thus, to get reasonable estimates of the 
number of panicles and the concentration of sand circulating in the reactor, the total mass of sand initially 
added to the reactor was adjusted for settling and then was correlated with the average sand concentration 
in simples for the first mn. The amount of sand circulating in the reactor for subsequent runs in the same 
reactor was adjusted according to the average concentration of sand in the samples relative to the initial 
one. The sand concentrations and number of particles for each run are listed in Table 5.10. 
Tabie 5.10. Mass of Sand Circulating in the Reactor for each Run Expressed as Sand Concentration and 
Number of Particles 
1 Run 1 Sand concentrationT (fi) 1 Number of Particles ( N p )  I 
51-43 Reactor Volume and Liquid Hold-up (V' and E ~ )  
The working volumes of the reactors were 3.46 and 4.22 L for the glass and Plexiglass reactors. 
respectively. The hold-up fractions for the gas, biopanicles and liquid are listed in Table 5.11 The gas 
hold-up fractions were calculated using the correlation of Patoine (1989) (Equation 2.61), which was 
deveIoped for the current experimental system (glass reactor). The solids holdup fraction was calculated 
based upon values in Table 5.10, with an allowance for settled particles. The resuiting Iiquid hold-up 





5.1.4.4 Detachment Rate (rD) 
The specific daachment rate. r ~ ,  was calculated by solving Equations 4.10 and 4.11 at steady state 
conditions using the data obtained fiom the experiments. Thus r~ was calculated as: 





Table 5.1 1. Hold-up Volumes in the ICFBRs 
8 690 O00 
2 190 O00 
l 
6 230 O00 
l 






































A difficulty with Equation 5.9 was rhat the values of B (measured) and ph (calculated using the Haldane 
model based upon measured values of S b )  each contained measurement error and were very close to each 
other. The result was that in Runs 5 ,  6 and 7, for which the measured values of phenol were higher than 
expected. the values calculated for r, were less than zero. For Run 7. the value for r~ was O033 h" The 
steady-state phenol concentration pnor to Run 8 (4 1 mg/L) was probably inflated due to the presence of a 
coloured compound, likelv a pigment secreted by the bacteria. A detachment coefficient based upon the 
same phenol concentration as for Run 7 (2.2 mg/L) wouid be 0.055 h "  Added complications were that 
wall growth was present during Runs 7 and 8, and solids build-up occurred during Run 6 due to settling 
problems of the suspended biomass (as discussed in Section 5.2.2). Thus, there were problems applying 
the rneasured values 0f.V~ in Equation 5.8 as well. 
Due to difficuhies obtaining reasonable estimates of rD experimentally, values ranging fiom 0.0 16 
to 0.025 h" were used in the simulations and were adjusted to better fit the steady-state model to the data. 
5.1.5 Sensitivity Analysis 
The sensitivities of the steady-state and unsteady-nate models to changes in parameter values were 
investigated by independently increasing each parameter by 50% and exarnining the effect of the change 
upon each of the four variables. Both models are non-linear; thus, the sensitivities of the models to each of 
the parameters Vary with the location in the solution space of each model. The conditions of Run 3 were 
chosen for the analysis. because the initial dilution rate was moderate (at 0.0451 ri) and the initial feed 
concentration was typical (1 80 mg/L). Thus, the steady-state values for the variables were considered to be 
representative of the initial conditions under which the ICFBRs were run. The step change, fiom a phenol 
loading of O. 195 to 0.268 g/L.day resulted in a low-level response. 
5.1.5.1 Sensitivity o f  the steady-statt model 
The effect of increasing each parameter individually by 50% upon the steady-state model is show 
in Table 5.12. Most of the changes had littie effect upon the results of the model predictions. The kinetic 
parameters, p, and Ks, appeared to have a significant influence only upon the buIk phenol concentration. 
Presurnably, the parameter, KI wouid play a more significant role at higher phenoi concentrations that are 
not possible at steady state but would occur during transients after a step change or during a washout 
experiment. The maintenance coefficient, m. had a siynificant effect upon the suspended ceIl concentration 
in  the reactor (decreased 2S0/0 with an increase in m of 50%). The detachment rate. r ~ ,  also significantly 
affected both the bulk phenol concentration and the suspended biomass concentration. The detachment rate 
is the parameter for which there is the least information in the literature and was the most difficult to 
estimate in this research. The importance of this parameter on the predictions of the mode1 underlines the 
need for fiinher research in this area. 
A number of parameters influenced the variable, a', which is a variable that describes the 
curvature of the phenol profile (Sr) within the biofilm. For example, the sensitivity analysis indicates that if 
the biofilm density, 0, is increased by 50%, the biofilm thickness would decrease by 533/0 and the 
concentration gradient would be steeper. The variable a is described in detail in Section 5 3.1.1 .  and is 
developed in Appendix A-1 
A number of parameters atso had a significant influence upon the biofilm thickness, d The 
models actually predict the variable rfi the radial distance to the surface of the film; however. sensitivity 
analysis on this variable is not panicularly usefid because the parameter. r, is inciuded in r,: The particle 
radius, r,, comprises a large ponion of r,-; thus, very srnail changes in r,- can have a significant effect upon 
the biofilrn thickness, particularly because the biofiIm thicknesses in this work were very small. Table 5 12 
shows that, as expected, the detachment rate significantly affects the biofilm thickness, with a 64% 
decrease in biofilm thickness with an increase of 50% in the specific detachment rate. The average particle 
radius and the number of particles were other important parameters. 
The sensitivity analysis in Table 5.12 also shows how the operating conditions affect each of the 
variables. One of the difftculties in this work was developing a thick biofilm. The results in Table 5 12 
suggests that increasing the dilution rate would have the largest impact on biofilm thickness. 
Table 5.12. Response of Process Variables to a 50% Change in Mode1 Parameters and Process Conditions 
at Steady State 
Bioparticle 
Properties 




Initial Value l 1.7 
Operating 
Conditions 
' Of interest is the bioiilm thickness, 6. which is the difference between the vaiue of the variable, r,; 
predicted by the model and r,. 
k,- :ds]  IO011 
React or 1 rn [ h - ' ~  0.024 82.4 20.4 1 19.3 1 -64.6 , 
9?.5 
Y 1 r;[y 
EL 
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The effects of increasing selected parameters by 50% upon the dynamic response predicted by the 
a [rng/cm5] 1 8") [pml ' 






Kinetics p m m  [lhl 
O. 4 fl 
-33.0 
-0.6 / -0.1 0.0 
230 
-1.2 
Parameter increased to a value of 1 for the sensitivity analysis. 
- -  - 
1 I 
unsteady-state model are shown in Figures 5.1 5 - 5.1 7. The e&ts are very similar to those descnbed for 
Mass Transfer 
-0.2 1 1.0 ! -54.8 
3.46 
- 0.97'1' 
the steady-nate model. The transient in the bulk phen01 concentration in Figure 5.15 was similar in form in 
O h  Change with an Increase in the Parameter Value of 50% 
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15.17. The foms of the predicîed responses were similar to the baseline prediction; however, the 
-0.6 , 0.0 
[cmls2] 
magnitude of the predicted responses changed in ways that are consistent with the results described in 
109.2 
- 47.5 
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0.0 










in rD in Figure 5.17 led to a condition where the detachment rate exceeded the growth rate of the biofilm, 
0.0 
and the biofilm thickness decreased to a levef less than the initiai steady-state value. increased in response 





0.0 1 0.0 
responses during which the phenol concentration rose above the critical phen01 concentration (21 mg/L 
0 0 
phenol according to Equation 3.13). and the suspended cells washed out. The moderate type of response 
13 9 
0.0 , -24.0 
0.0 1 0.0 
described by Allsop et ai. (1993) for continuous suspended-ceIl cultures was not observed in this work; in 
such cases there is a transient increase in the phenol concentration but the system recovers. 
50 100 
Time (h) 
Figure 5 15. Effect of a 5W increase in selected parameters on the dynamic simulation of the bulk phenol 
concentration in response to a step increase in the feed concentration from 180 to 303 mg/L phenol and a 
change in dilution rate from 0.0451 to 0.0368 h" (Run 2). The plots refer to the baxline case [-1.
and simulations that resuhed when the fotlowing parameters were changed: pmX 1.5 [- - - - -1, K p  1.5 [- 
-],K,x1.5 [---- ] , r n x l . 5  (----]andrDxl.5[-  - - - ]. 
-50 O 50 100 150 200 
Time (h) 
Figure 5.16 Effm of a 50% increase in seiected parameters on the dynamic simulation of the suspended 
biomass concentration in response to a step increase in the feed concentration from 180 to 303 m u  phenol 
and a change in dilution rate from 0.0451 to 0.0368 h" (Run 2). The plots refer to the baseline case 
[-1, and simulations that resulted when the following parameters were changed: p,. 1.5 [- - - - -1, 
K s x  1 5 [- ],K,x1.5 [ - - - - ] , m x I . 5  [---- ] andrD~ I.5[- - - - 1. 
-50 O 50 100 150 200 
Tirne (h) 
Figure 5.17 Effect of a 50% increase in selected parameten on the dynarnic simulation of the biofilm 
thickness in response to a step increase in the feed concentration fkom 180 to 303 mg/L phenol and a 
change in dilution rate frorn 0.0451 to 0.0368 Y' (Run 2). The plots refer to the baseline case [-1.
and simulations that resulted when the following parameters were changed: p , , , , ~  1.5 [- - - - - 1, K s x  1,5 [- 
-1. Kp1.5 [ - - - - ] , m x 1 . 5 [ - - - -  1 and rDx 1.5[- - - - 1 
5.2 Shock-loading Experiments in the ICFBR 
A total of eight step change experiments were perfonned in the ICFBR reactors Al1 experiments were 
performed at 10°C. The initial operating conditions and sep changes are lined in Table 5.13. Al initial 
dilution rates were below the calculated critical dilution rate of 0.071 h". which was based upon mode1 
parameters and was calculated using Equation 2.11. Thus at the dilution rates liaed in Table 5.13, 
suspendeci ceils were present in the broth. The initial biofilm thicknesses were typically thin 
(approximateiy 5-1 0 pm). 
Two types of response to the step increases were observed. Runs 2, 3. 6, and 7 exhibited low- 
Ievel responses in which there was little or no change in the phenol concentration. the suspended biomass 
Table 5.13 Summary of Step Change Experiments in the ICFBRs 
i 1 initial Conditions 1 Type of Step 1 9'. Change in 1 Lrvel of 1 , 
The experimental conditions used in the current research contrast with those used in other work 
reponed in the literature for ICFBRs subjected to shock loads (see Table 5.14) There are five major 
differences: the temperature, the type of microorganisms, the dilution rates, the feed concentrations and the 
initial biofilm thicknesses. 
Previous work (listed in Table 5.14) was performed at 22°C with mesophilic mixed cultures. The 
current research was performed at 10°C with a psychrotrophic bacterium. Because the growth rates at 
10°C are approximately three times slower than at 22°C and phenol inhibition is stronger (see Section 
5.1.1 ). the system is probably more sensitive to shock-loading at the lower temperature. 
The dilution rates were much higher in other studies than in the current research, and far exceeded 
the cntical dilution rate for equivalent suspended-cell systems (approximately 0.23 h"); however the 
concentrations of phenol in the feed were very low. Tang et al. (1987) used initial concentrations in the 
feed that were similar to the critical substrate concentration of approximately 35 mgL phenol. The feed 
concentrations used in the current work better represent the phenol concentrations found in indusuial 
wastewater nrearns (see Table 2.1). The loadings of phenol delivered to the systems listed in Table 5.14 
were much higher than those used in the current research; however. witb an inhibitory substrate such as 
phenol. concentration is an important issue. If an inhibitory intermediate metabolite is secreted into the 
medium in proportion to the feed concentration as postulated by Beltrame et al. (I984), then the response of 
the system to nep changes may be more strongly influenced by the feed concentration than what wouId 
Expenment 
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otherwise be expected. Also, if phenol transients occur during a shock load. the potential for the transient 
to enter an inhibitory regime is much more likely with the higher concentration of phenol in the feed. Thus, 
the potential to destabiiize the system is also much greater at higher feed concentrations 
The final major difference between the current work and the research Iisted in Table 5 14, is the 
biofilm thicknesses achieved in the 1CFBR.s. The initial biofilm thicknesses in this work tended to be very 
thin ( 1-14 pm - up to approximately 14 layers of cefls thick). Tang et al. (1987) reponed initial biofilm 
thicknesses in the range of 12-40 pm in a drafl tube reactor. Worden and Donaldson (1987) reported 
thicknesses of around 180-2 10 pm in a fluidized bed reactor. The higher biomass holdup in the form of 
biofilm alsa affects the response of the system. Note that in addition to biodegradation capacity, the system 
of Tang et al. (1987) also was able to adsorb phenol during a step change because the carrier used was 
activated carbon. 
Table 5.14. Summary of Other Shock-loading Experiments Reported in the Literature for ICFBRs with 
Phenol as a Subsi 
Reference 




T Initial Conditions 1 Type of ! Oh 1 ~eve l  of 1 
Culturd ["Cl 
1 j Loading ! I 
The analyses which were performed for each experiment in the current work are listed in Table 






1 Donaldson Iphenol 1 1 
5.15.  Run 1 was intended to be an exploratory run, and biofilm data were not obtained except for the EPS 
1 Guise) / ! 
content of the biofiim. During Runs 2 and 3. that were conducted concurrently, the simple s i x  for the dry 
22-23 
weight analysis (5 mL) was found to be too small for the results to be meaningful; 20-mL samples were 
/ (1987) 1 50 1 3  1 08 1 .Y, i 1130' 1 High 
taken for subsequent experiments. AIso, during Runs 2 and 3, photomicroscopy was attempted for the first 




I I l 
tirne. Unfortunately the first photographs were out of focus, and the initial parts of the mns were not 
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Table 5 15. Summary of Analvsis Performed During the Step Change Expenments 
! Experiment 1 Suspended 1 Bulk Phenol. 1 EPS Biotilm Dry 1 Biofilm Intermediate 
5.2.2 Responses of  the ICFBRs to Shock-loading 
1 . / ~ i o i a s s .  .k:; 
1 1 I J 1 
The step-change experiments in the ICFB Rs have been grouped according to the type of response exhibited 
Sh 1 / Weight Thickness. d i Compounds j 
J 1 J 1 I 
during the mn. and are described separately. Runs 2. 3. 6, and 7 exhibited tow-level responses in which 
there was little or no change in the phen01 concentration. Runs 1. 4, 5 and 8 exhibited high-level responses 
during which the suspended cells reached or approached washout and the phenol concentration approached 
1 
J 1 I 
r 
the feed concentration. 
I 2 









J 1 t J J 1 
3 
4 
covered with a thin biofilm. and a small ponion of these included protuberances. 
J I J  
J 1 J 
A small concentration nep change was planned. The dilution rate was inadvenently changed as 
5 
6 
weIl. The resulting sep change was fiom a feed concentration of 180 :O 303 mg phenolrL and a phenol 
loading change from 0.195 to 0.268 @ad. The operating conditions before and afier the step change are 
I 
presented in Table 5.16. 
7 1 J 
Table 5.16. Operatinp and Reactor Conditions During Run 2 
Operating Conditions and System / Initial Conditions 1 Conditions afler Step Change 
J 1 J J I 




J 1 J 
C haracteristics 
Dilution Rats (a') 
Phenol Concentration in Feed (II@) 
Loadinp, (g/L.d) 
Suspended Biomass Concentration (mg 




Phenol Concentration in the Reactor (mf l )  
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The response of the system to the step change is show in Figure 5 18 The shock was applied at 
time=O hours. There was no response in the phenol concentration, as it did not change significantly fiom 
the initial steady-state phenol concentration prior to the step change. The suspended biomass concentration 
quickly rose From 112 mg DW/L to 168 mg DWIL within 50 hours of the step change, afler which a new 
steady state (with respect to the suspended biomass and phenol concentrations) was reached. 
p- - - - - . - -- - - - -- - - 
-150 -100 -50 O 50 100 150 
Tirne (h) 
Figure 5.18. Response of the bulk phenol concentration ( 0 )  and the suspended biomass concentration ( A )  
to an increase in the feed concentration (O) fiom 180 to 303 mg& and a decrease in dilution rate fiom 
0.045 1 to 0.0368 h-' in the ICFBR during Run 2. 
The biofilm grew visibly over the course of the experiment. A photomicroscope was used to 
photograph the biofilm on a dark field setting. The initial photographs taken immediately prier to the step 
change were out of focus. The appearances of the bioparticles 45 hours before and 118 hours afler the step 
change are show in Figures 5-19 and 5.20, respectively. The photographs show an increase in the 
presence of protuberances on the biopaxticles. The increase in the amount of biofilm present was reflected 
in the EPS measurernents in Figure 5.21 (samples taken at 5 1  and 116 houn corresponding to the 
photographs in Figures 5.19 and 5.20. respdvely). The EPS concentration rose from an average of 
0.00066 g glucose equiv./g sand immediately before the step change to an average of 0.00081 g glucose 
equiv./g sand at the end of the run. 
Figure 5.19. Appearance of the bioparticles at t=45 hours (40x magnification) during Run 2. 
Figure 520. Appearance of the bioparticles at t= t 18 hours ( M x  magnification) during Run 2. 
-150 -100 -50 O 50 100 150 ' 
Tirne (h) l 
Figure 5.21. Response of the EPS content of the biofilm during Run 2 
Run 3 -
The glass reactor was allowed to reach a steady state for 47 days after a reactor upset following Run 1. 
Despite the long operating period (including the stanup penod prior to the first mn), the bioparticles were 
covered with a thin biofilm, a portion of which included protuberances. The biofiim thickness was dificult 
to evaluate microscopically. 
The dilution rate was shifted fiom 0.0250 h" to 0 0593 h-', while maintaining the phenol 
concentration in the feed at approximately 248 mglL. The change in operating conditions are presented in 
Table 5.17. 
Operating Conditons and System 
C haract eri st i CS 
Dilution Rate (hm') 
Phenol Concentration in Feed ( m a )  
Loading (jzyWd) 
Suspended Biomass Concentration (mg DWL) 
Phenol Concentration in the Reactor (mg/') 
EPS (g glucose equiv. 19 sand) 
Sand Concentration (EL) 
Initial Conditions Conditions after Step 
0.0250 O ,0593 
O. 145 0.339 
The response of the system is show in Figure 5.22. There was no reponse in the phenol 
concentration. The suspended biomass concentration however, increased from i l  l to 143 mg DWiL 
within the first 70 hours. The apparent dip in the suspended biomass concentration immediately afier the 
step change in Figure 5.22 is likely anificial and due to experimental scatter in the optical density 
measurement and not a result of metabolic changes in the bacteria. 
Time (h) 
I 
Figure 5.22. Rcsponse of the bulk phenol concentration ( 0 )  and the suspended biomass concentration ( A  
at a feed concentration (O) of 248 mg/L phenol to an increase in the dilution rate eom 0.0250 to O 0593 h' 1 
in the ICFBR d u h g  Run 3 
As with the photo-samples in Run 2, the photographs of the bioparticles imrnediately prior to the 
step change were out of focus and not usefùl. The biofilm grew sornewhat over the course of the run, as 
shown in the photographs in Figure 5.23 and 5 .24, taken at 45 and 1 18 hours after the step change. The 
biofilm growth was reflected in the EPS measurements shown in Figure 5.25. The samples taken at 5 1 and 
1 16 hours correspond to the photographs in Figures 5.23 and 5.24, respectively. 
Figure 5.23. Appearancc of the bioparticles at t=45 hours (40x rnagnification) during Run 3. 
Figure 5.24. Appearance of the bioparticles at t= 1 1 8 hours (40x mapification) during Run 3. 
-200 -150 -100 -50 O 50 100 150 
Tirne (h) 
Figure 5 25. Response of the EPS content of the biofilm during Run 3. 
Run 6 
Run 6 W ~ S  begun 40 days afler Run 4 in the ~ I a s s  reactor. In the period between the two 
experiments, the suspended biomass changed in appearance from dispersed grow-th to flocs. The flocs were 
settleable and may have settled to some exient in the downconier section, resuiting in h i~her  suspended 
biomass concentrations in the bulk fluid than would be espected. Portions of the walls in the reactor 
became coated \vith a heterogeneous biofilm. The sand panicles were coated with a fairly thick biofilm 
with an average thickness of around 35 pm (see Figure 5.26 ). The biofilm appeared to be fairly smooth 
with some protuberances. A neady state was established at a dilution rate of 0.0693 Y' and a feed 
concentration of 184 mg/L pheno1. The conditions in the reactor are s h o w  in Table 5.18. 
Table 5.18. Operatinp and Reactor Conditions During Run 6 
Operating Conditions and System 
Characteristics 
Dilution Rate (h") 
Phenol Concentration in Fecd (mg&) 
Loadinp (f l -ci)  
Suspended Biomass Concentration (my D W L )  
Phenol Concentration in the Reactor (m,p/L) 
EPS (g plucose equiv. / g sand) 
Figure 5.26. Appearance of bioparticles prior to Run 6 using a bright field setting. 
Biofilm DW (g l p  sand) 
Average Biofilm Thickness (pm) 
Sand Concentration (,a] 
The feed concentration was increased to 336 m&. The response of the system is shown in Figure 
5.27. There was little effect of the step change on the phenoi concentration which averaged 7.8 mg/L 
before the step change and 7.3 mg&, afier. There also appeared to be Iittle immediate effed upon the 
suspended biomass concentration which averaged 290 mg DWiL before the step change and 3 10 mg DW/L 




















the system. The suspended biomass concentration increased to 1270 mg DW/L before the experiment 
ended. 
There was considerable variability in the optical density measurements used to calculate the dry 
weight concentrations of the biomass. The flocs were settleable and settled out in the cuvette during the 
optical dcnsity measuremcnt. Attempts were made to cnsure that the sample was well mixed and that a 
representative reading was taken. 
There was also more variability than usual in the phenol data. The flocs tended to corne away 
from the clump of biomass at the bottom of the centrifuge tubes, when the supernatant was poured out of 
tubes and stored for phenol analysis aAer centrifuging. Lrsing a syringe to remove the supernatant helped, 
but did not solve the problern. The phenol samples were frozen, and then were thawed and filtered through 
a O. I prn pore size filter before analyzing with the spectrofluororneter. Tt is possible that the cells that were 
present in the samples dur in^ the freezing and thaning processes degraded some of the phenol in the 
samples prior to analysis. 
1 -300 -200 -1 00 O 100 200 
Time (h) 
Fiwre 5.27. Response of the bulk phenol concentration ( 0 )  and the suspended biomass concentration (A)  to 
an increase in the feed concentration from 184 to 336 m@ phenol at a dilution rate of 0.0693 h-' in the 
ICFBR dunng Run 6. 
The appearance of the bioparticles afier the step change remained roughly sphencal and smooth 
with fairly thick biofilms, without the protuberances which had formed in other experiments (see Figure 
5 28). The image analysis indicated that as the mn progressed, the average biofilm thickness decreased 
from up to 40 pm to 13 Fm, as shown in Figure 5.79. It is not clear if the biofilm thickness tmly decreased. 
Sorne of the flocs çrcw quite large, and formed granules which wcre smooth and rounded and were 
typically smaller than the average biopanicle. Under the microscope, the differences between the two types 
of particles were obvious; however, when the images were analyzed, it was more difficult to distinçuish 
between the two. The large rounded particles in Figure 5.38 were bioparticles; however many of the 
smaller dark round objects were granules. It is possible that the bioparticle rneasurements were distorted by 
including sonie of the aççlornerations that looked like biofilm-coated sand panicles, in the calculation of 
biofilm thickness. 
The EPS measurements indicate an increase afier the shock load in Figure 5.30. The dry weight 
measurements, in Figure 5.31 are less clear. Both analyses were difficult to perform for this experiment 
because rhe tlocs and biopanicles settled at a similar rate in the samples and were diflcult to separate. 
This experirnent was not used for parameter estimation or rnodeling because of the ditficulties that 
were experienced during the analysis and because of the solids buildup in the reactor. Such a system would 
also require a different model in which diffision into the flocs and the wall ç rouh  were included as 
processes. 
Figure 5.28. Appearance of ihe biopanicles 150 h afler the step change during Run 6. 
-100 -50 O 50 100 
Ylme (h) 
Figure 5.29. Average biofilm thickness during Run 6. Error bars refer to a 800/0 confidence interval. 
Figure 5.30. Average EPS content of the biofilm during Run 6. Error bars indicate the standard deviation. 
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Figure 5.3 1 .  Biofilm dry weight during Run 6. 
Run 7 
Run 7 was begun afler the glass reactor had becn operating for 34 days. The dilution rate was increased 
from approximately 0.03 to approximately 0.09 het for 14 houn twice during the start-up penod in an effort 
to build up a ihicker initial biofilm. Also, four days before the step change, an accidenta1 release of feed 
solution to the rcactor rcsulted in  a perturbation to the system, so it was possible that the biofilm rnay not 
have been at a steady-state thickness immediately prior to the nin. Despite the higher phenol loadings 
during the unsteady-staie periods and also during the accidental release, the biofilm remained fairly thin (z 
3 pm). The thin biofilm thickness may have been due to interparticle abrasion. 
An image of the biapanicles is shown in Figure 5.32. The dark objects in Figure 5.32 were 
biofilm-coated panicles. Most of the bare particles were transparent or very light gray in the images; thus, 
the degree to which the panicle was covered in biofilm is partly reflected by the degree to which the 
panicle blocked light under the microscope. 
Figure 5.32. Appearance of the bioparticles pnor to Run 7 
Thirty days after stanup a heteroçeneous biofilm layer with streamers was noted on the upper 
ponion of the riser section of the reactor. The characteristics of the biofitm and steady-state reaaor 
conditions prior to the step change are shown in Table 5.19. 
Table 5.19. Operating Conditions and System Characteristics Durinp Run 7 
1 Opcrating Conditions and Svstem Characteristics 1 lnitial Conditions 1 Conditions aAer Step Chanpe 
Dilution Rate (h-') 
Phenol Concentration in Fced Img/L) 
Loading (rr/L-d) 
Suspended Biomass Concentration (mp DW/L) 
Phcnol Concentration in the Reacror (mLg/L) 
Biofilm Dry Weight (+dg sand) 
EPS (rr rrlucose enuiv. /a sand) 
The feed concentration was shified from 192 up to 713 mg/L phenol. The initial dilution rate was 
0,0376 h". Due to several problems with the feed flow, rhe average dilution rate after ihe step change was 
0.03 14 h-'. 
In response, the suspended biornass concentration increased quickly, and peaked at 714 mg DW/L 
within 70 hours. The suspended biomass concentration eventually reached a pseudo-steady-state 
concentration of 590 mg DW/L. The peak and dip in the suspended biornass data, in Figure 5.33, was 
likely as a result of the variation in the feed concentration. The feed concentration may have varied due to 
volatilization of the phenol during autoclaving or differences in the amount of water added to each feed 
tank. Alternative1 y, the measured phenol concentrations may have underrepresent ed the phenol 
concentration in the tank due to poor rnixing of the contents when the sample was taken; the fced was made 
in two parts and u-as combined immediately before switching feed tanks. This was done to minimize 
precipitation of salts during autoclaving. 
The phen01 concentration did not appear to change significantly despite the large change in the 
inlet phenol concentration, It appears that there was no lag in the ability of the bacteria to utiIize phenoi, 
from the phenol data. However, it is likely that there was formation of an intermediate metabolite that was 
excreted into the medium. The rneasured phen01 concentrations increased slightly over the course of the 
experiment (up to 7 m G ) ;  the higher rneasured values (using the spectrofluorometer) were likely due to 
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Figure 5.33. Response of the bulk phenot concentration (e) and the suspended biomass concentration ( A )  to 
an increase in the feed concentration fiom 192 to 71 2 mg& in the ICFBR during Run 7. The dilution rate 
shiAed slightly from 0.0376 to 0.03 14 h". 
The biofilm thickness increased slightly over the course of the run, from an average thickness of 
approsirnately 3 to 5 pn, as s h o w  in Figure 5.34. Despite the srnall increase in average biofilm thickness. 
the EPS content (shown in Figure 5.35) and the dry weight of the biofilm (shown in Figure 5.36) both 
increased out of proportion to the measured change in biotilrn thickness. The EPS increased by 
approsirnately 230?/0 and the dry weiyht of the biofilm increased by approsirnately l300h. Perhaps these 
discrepancies can be explained, in part, by the presence of protuberances on some of the bioparticles, as 
shown in Figtre 5.37. The protuberances were not inctuded in the biofilm thickness measurement because 




Figure 5.34. Average biofilrn thickness during Run 7. Error bars indicate a Sû?!  confidence interval. 
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Fi-me 5.35. Average EPS content of the biofilrn dunng Run 7. Error bars indicate the standard deviation. 
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Fiçure 5.36. Biofilm dry weight dunng Run 7. 
Fi y r e  5.37. Appearance of the biopanicles 45 1 hours aAer the step change in Run 7. 
5.2.2.2 Aigh-level Responses 
Run 1 
The first run was begun after the reactor had been operating for 3 1 days. Although many particles appeared 
to be covered uith biofilm, the biofilrn was so thin that the thickness could not be easily discerned even 
under high magnification ( l000X). 
The run &as criginally intcnded io be a Iow-lcvcl feed concentration step change. immediately 
before the step change, there were problems drawing fced due to an equiprnent problem. While solving the 
problem, the feed flow rate was ternporarily incrcased to draw fced into the tubing. The feed flow rate was 
retumed back to what appeared to be the original level; however, because the pump speed was highly 
sensitive to very small changes on the dial, the actual flow rate was somewhat higher. Thus, the resulting 
step change was a combination of changes in feed concentration and dilution rate. The changes in 
operating conditions are summarized in Table 5.20. 
Table 5.20. 0peratin.p and Reactor Conditions During Run 1 
1 Operating Conditions and Spstem 1 Initial Conditions 1 Conditions afler Step 1 
1 Characteristics 1 1 Change 1 
Dilution Rate (h-') 
Phcnol Concentration in Feed (m,/L) 
Load in? (./L'dl 
Suspended Biomass Concenrrarion (mg D W L )  
Phenol Concentration in the Reactor ( m a )  
The response of the reactor to the step change is s h o ~ n  in Figure 5.38. Within 2 hours of the step 
EPS (_a glucose equiv. 4 sand) 
Sand Concentration (CL) 
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suspended biomass concentration increased fiom approximately 130 mg DWI L, where it had been for 
several days, to 133 mg DW/L immediately before the step change (within 1 hour). Within 3-3 hours of the 
step change, the suspended biomass concentration increased to approximately 153 mg DWfL, then 
decreased gradually over a period of 36 hours to a concentration of 1 12 mg DW/L. During this period, the 
phenoI concentration increased Corn 6.4 m a  (at t=3 h) to 100 m@ (at t=48 h) &er which the experirnent 
was terrninated. The suspended biomass concentration appeared to recover slightfy at the end of the ni4 
but in view of the increasing phenol concentrations and the scattcr in the suspended biomass data, it is 
likely that the 'recovery' was simply a result of scatter in the data. 
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Figure 5.38. Response of the bulk phenol concentration (a) and the suspended biomass concentration ( A )  
to an increase in the feed concentration (O) From 251 to 296 msJL and an increase in dilution rate from 
0.034 to 0.059 h" in the ICFBR during Run 1. 
The effect of the step change on the biofilrn was more difficult to discern. There was no visible 
change in the biotilm within the 48 hours of the step change. AAer the system had recovered (a month 
later), small protuberances \vere visible on the particles. It was discovered that the sample volume used for 
the dry weiyht procedure had been too small (about 5 mL) and the weight differences were too small to 
evaluate the dry weight of the biofilm. The only information about the response of the biofilm to the step 
change cornes fiom the EPS analysis. The results of this measurement are shown in Figure 5.39. An 
average increase of 0.0001 _e ~lucose quiv./g sand was measured as a result of the step change, which is an 
increase of 36%. 
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Figure 5.39. Average EPS content of the biofilm during Run 1.  Error bars indicate the standard deviation. 
Run 5 
Run 5 %as begun 41 days after sand was added to the Plesiglass airlift reactor. Many of the particles were 
covered ~vith a very thin biofilm (see Figure 5.30). The initial steady-state conditions are shown in Table 
5.21. 
Table 5 21. Operat ing and Reactor Conditions During Run 5 
Operating Conditions and System 
Characteristics 
Dilution Rate IK') 
Phenol Concentration in Feed (m,c/L) 
Loadinp ( # L a d )  
Suspended Biomass Concentration (mp DW/L) 
Phenol Concentration in the Reactor (rn./L) 
EPS (p glucose equiv. 1 9  sand) 
Dry Weight (9 DW!g sand) 
Biofilm thickness (pm) 
% Bare Carrier Particles 
























Fiçure 5.30. Appearance of the biopanicles prior to Run 5. 
A steady state war achieved at a dilution rate of 0.0120 h" and a feed concentration of 1% m& 
phenol. The diluticn rate was increased to 0.0945 h" which was above the critical dilution rate of 0.07 1 h-' 
for an equivalent suspended-cell reactor. The average feed concentration afler the step change was 183 
mS/L pheno1. The response of the suspended cell and phenol concentrations is s h o w  in Figure 5.41. The 
suspcnded cc11 concentration droppcd from 160 to 35 mg DW,Z in 135 hours. The phenof concentration in 
the reactor rose fiom 5 to 182 m g L  (the fecd concentration). The scatter in the suspended cell and phenol 
concentrations in Figure 5.31 is possibly a result of fluctuating oxygen concentrations, which was a result 
of the sparger pluçging on several occasions during the run. The run was terminated because the 
suspended cells had washed out and there was very little sand in the samples for biofilm measurement. 
Severai weeks later, a plus consisting of biomass and sand was discovered in the tube conneaing 
the nser to the downcomer. The reactor was encased in foam insulation to minimize heat loss, so the 
problem was not noted untii after the experiment. The plug prevented circulation between the riser and 
downcomer sections and was very dificult to dislodge. It was possible that during one of the episodes of 
sparger plugging, sand which had collected on the incline immediately prior to the entrance of the tube 
could have caused a blockape. Afler air-flow was restored to the system, fbrther settling could have 
occurred due to the rack of circulation of the fluid in the reactor. 
The settling out of biopanicles is reflected in rhe decrease in the mass of sand in the samples, as 
shown in Figure 5.42. There was very little sand, if any, in  the effluent tanks, therefore the loss of 
circulatins sand rnust have been due to senling in the reactor. The result is that as the run progessed. the 
rcactor became more characterisiic of a suspcnded-ccll system uithout biofilm-coated particies. That the 
suspended cells washed out of the system is not surprishg considering the dilution rate was above the 
critical dilution rate of a suspended-ceIl system. 
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Figure 5.41. Response of the bulk phenol concentration (e) and the suspended biomass concentration ( A )  
to an increase in the dilution rate from 0.0420 to 0.0945 h" and a srnaII increase in feed concentration from 
158 to 183 mg% phenol in the ICFE3R during Run 5. 
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Fiçure 5.42. Decreasing concentration of Sand in EPS sarnples during Run 5. 
The biofilrn thickness may have increased afler the step change, but the data are not clear. There 
is little difference between the average biofilrn dry weight before and rifier the step change (see Figure 
5.43). There was considerable scatter in the EPS results in Figure 5.14; however it appears that the EPS 
content of rhe biofdm did not increase appreciably during the mn. -4lthough there is limited information 
from the biofilm ;hickncss data in Figure 5.15, it rippcars that thcrc n . 3 ~  CO increse in the biofiIm thickness 
within 20 hours of the step change. 
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Figure 5.33. Dry wcight analysis for Run 5 
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F i y r e  5.44. .Average EPS content of the biofilm during Run 5.  Enor bars indicate the standard deviation. 
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Figure 5.45. Average biofilm thickness during Run 5. Error bars indicate the 8O?6 confidence interval. 
Run 8 
Run 8 irnmediately followed Run 7, during which a pseudo-stcady state had been achieved afler 500 hours 
afler the step change. The broth was stron~ly colourcd with a yellow pigment. The wall growth that had 
been ptrsent at the beginning of Run 7 was highly heterogeneous with long streamers sevcral millimetres in 
lengh. The biofilm !vas fairly thin (approximately 4 pm) (see Figure 5.46). The initial conditions prior to 
the step change are listed in Table 5.22. 
The dilution rate was increased from 0.0374 to 0.170 h-', u-hich is far in excess of what would be 
required to wash out an equivalent suspended-ceIl system. . f ier  the step change, the suspended biornass 
rapidly washed out nithin CO hours and the phenol concentration approached the feed concentration (shown 
in Figure 5.46). As the phenol concentration rose, the wall g-owth began to detach until only a patchy 
remnant remained. 
Figure 5.46. Appearance of the biofilm immediately prior to Run 8. 
Table 5 22. Operating Conditions and System Variables Durinp Run 8 
Operating Conditions and System 1 Initial Conditions 1 Conditions afier Step 
Characteristics 1 1 Change 










Phenol Concentration in Feed (rn./L) 592 
Loadina (S/L.d) 1 0.530 
Suspended Biomass Concentration (mr D W 5 )  
Phenol Concentration in the Reactor (m-d) 
Biofilm Dry Weisht (g/p sand) 
EPS (9 glucose equiv. /? sand) 
Averape Biofilm Thickness (pm) 







Sand Concentration (,fi) 16.7 
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Ficure 5.47. . Response of the bulk phenol concentration (a) and the suspended biomass concentration ( A )  
to an increase in the dilution rate fiom 0.0374 to 0.170 h" and a decrcase in the feed concentration from 
592 to 206 m@ phenol in the ICFBR during Run 8. 
In the nest 2 0  hours, the biofilm did not appear to grow very much (see Figure 5.48). The EPS 
content, shown in Figure 5.49, did not appear to change afler the step change. This is also reflected in the 
biofilm thickness data in Figure 5.50. It is not clear if the biofilm thickness aciually decreased at the end of 
the run as suggested by Figure 5.50, because of the scatter in  the data. For unknown reasons, the biofilm 
dry weight shown in Fisure 5 .5  1, appeared to increase during the run. 
Figure 5.48. Appearance of the biofilm 250 hours afier the stcp change in Run 8. 
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Figure 5.49. .4verage EPS content of the biofilm during Run 8. Error bars indicate the standard deviation. 
Time (h) 
Figure 5 O .  Average biofilm thickness during Run 8.  Error bars indicaie an 80% confidence interval. 
Figure 5.51. Biofilm dry weight during Run 8. 
5.2.3 Phenol Growth Dynamics 
5.2.3.1 Phenol Removal Mechanisms 
Although biodegradation can be considered the primary rnechanism by which phcnol was removed in the 
ICFBRs, several other proccsses must also be considered. These incJude stripping, sorption, bioconversion 
and chernical modification. 
Striooinq 
Despite the volatiliry of phenol, air stripping is not usually considered to be a major removal mechanism in 
biological wastewater trcatrnent systcrns due to the low concentrations present under normal operating 
conditions (Stover and Kincannon, 1981; Kincannon et al., 1983; Petrasek et al., 1983). Ltnder shock- 
loading conditions, air stripping may be a more significant removal rnechanism, particularly if there is a 
system failure in which the phenol concentrations rise to high levels. 
The amount of phenol removed through air stripping, rs, [rnolA-dl, can be cstimated by assuming 
a sas-liquid equilibriurn and applyiny Henry's Law. The appropriate expression is as follows: 
where H is the Henry's law cocficient [atm-Lfrnolj, & is the air sparging rate wd], p, is the molar dcnsity 
of the air [moL'L], Sb.m is the bulk phenol concentration expresscd on a molar basis [moVL], C'is the volume 
cf the !iquid kvhich is iprirgcd [LI and P; is the m a l  pressure [atm]. Kincannon et al. (1083) reponed a 
value of 1 . 3 . a  10') atm-L'mol for the Henry's Law constant for phenol in an activated sludge system. 
The steadp-state phenol removal rates ranged fiom 0.15 to 0.53 gL-d.  The removal of phenol due 
to air stripping was approxirnately 0.00001 to 0.0003 f i - d  using Equation 5.10, which is a ne~liçible 
fraction of the totai removal. The phenol concentration in the reactor was highest at the end of Run 8, 
where it reached 506 mg/L (average over a 5-day period). .4t that point. the suspended biomass had washed 
out of the reactor, and the biofilm did not appear to be active. Equation 5.10 would predict a removal rate 
due to stripping of 0.019 g/L.d assuming an equilibrium between the Sas and liquid phases. The average 
reactor concentration and feed concentration over a 5-day period were alrnost identic. resulting in a 
phenol removal rate of 0.0003 g/L-d, which is lower than the predicted stripping rate. Thus, it is likely that 
the assuniption of an equilibriurn between the Sas and liquid was not valid, and the other predictd 
stripping rates are high. Based on these calculations, it was concluded that stripping was not a significant 
phenol removai mechanism, 
Sorpt ion 
Sorption of phcnol by actii.ated sludge is not generally considered to be a major removal mechanism 
(Kincannon et al., 1983; Petrasek et al., 1983). Rcported concentrations of sorbed phenol in activated 
sludse have becn very low (Petrasck et al., 1383). The significance of sorption of phenol to a biofilm has 
not been investigated. Indeed, it would bc ditlicult to distinguish betwcen phenol that is adsorbed to the 
biofilm and phenol that is included in rhe interstitial voids ~ i t h i n  the biofilm or phenol that is diffising 
~ i t h i n  ~ h e  EPS matnx of the biofilm. Sorption to the sand is also unlikely to be a major attenuation 
mechanism. 
Biodegradatirin, - bioconversion and abiotic dearadation 
Biodegradation, bioconversion and abiotic degradation are difficult to differentiate. Lrnder steady-state 
conditions, phenol \vas the only compound present (using GC-MS analysis), indicating that bioconversion 
\vas unlikely to be a significant removal mechanism. However, during unsteady-state conditions a f h  step 
changes, there was some evidence of other compounds present. These are discussed Funber in Section 
5 2.3 2. The relative proportion of these cornpounds (in terms of peak height using GC-IMS analysis) 
appcared to be small compared to the arnount of phenol present; thus, for modelinç purposes, the process of 
bicccnt.crsicn not Included. The Froccss of sbictic degrad3ticn -.vas not possible to differentiate in this 
study. If it occurred at 311, it Kas included in the biolo~ical degradation component as the end result was 
the same - mineralization of the phenol. 
5.2.3.2 Intermediatc Metabolites 
The presence of compounds other than phen01 was investigated by measuring the absorbance of 
filtercd samples of the broth between 200 - 450 nm using a spectrofluorometer (as described in Section 
3.3 -3). Spectral scans for Runs 5, 6, 7, and 8 are s h o w  in Figures 5.52, 5.53, 5.54 and 5.55, respectively. 
Several absorbance peaks were observed and are listed in Table 5.23. The characteristic peak for phenol (at 
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Figure 5 52.  Absorbance spectra of a series of filtered samples taken from the ICFBR 
during Run 5 .  
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Figure 5.53. Absorbance spectra of a series of filtered samples taken fiom the ICFBR 
dunng Run 6. 
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Figure 5.55 .  Absorbance spectra of a series of filtered samples taken 6om and ICFBR during Run 
8. Samples were diluted by a factor of 10. 
270 nm) was observed in Runs 5, and 8, in which the phenol concentration rose to levels above the critical 
substrate concentration and the suspended cells washed out. 
The two low-response runs (Runs 6 and 7 in Figures 5 53 and 5.54, respcctively) were quite 
differcnt from each other. The absorbance spectrum in Run 6 appeared to have an increase in absorbance at 
a wavelength of 255-258 nm, which increased in height as the run proçrcssed. The absorbance spectrum in 
Run 7 had an absorbance maximum at 300 nm, %hich increased markedly over the course of the run. This 
was obsened as the samples became progressively more yellow. 
Olhers have detected the presence of other compounds in the broth during the degradation of 
phenol by various mesophilic strains of P. prtlida. .Yu and Majidi (1993) identified catechol, 2-oxopcnt-4- 
enotic acid, 4-hydroxy-2-oxovalerate, 2-hydroxymuconic semialdehyde, 4-oxalocrotonic acid (enol form) 
and 4-oxaiocrotonic acid (keto form) from a culture of P. prr//da DhW-1 using laser desorption time-of- 
flight rnass spectrometry. Sevcral have identified an intermediate metabolite with an absorbance maximum 
at 375 nm and have attributed it to the presence of 2-hydroxyrnuconic semialdehyde (Molin and Yilsson, 
1385; Li and Humphrey, 1989; .Yu and Majidi, 1994). 2-hydroxymuconic semialdehyde is charactenzed by 
a ycllow colour (Molin and Nilsson, 1985). It is one of the intermediates in the mcJfa pathway (see Figure 
2.2). The P. pufida strain used in the current research does not possess the mèfa pathway (Kolenc et al., 
1988), thus the ycllow-pigrnented compound observed in the current work is unlikely to be 2- 
hydroxymuconic semialdehyde. 
.Usop (l9SI) reponcd the prcscncc of an intcrmediatc mctribolite ui:h a pcak at the nri\elcng.th 
of 260 nm, which he attributed to the presence of acetyl-coenzyme A which has a peak at 260 nm. Acetyl- 
coenzyme A is an intermediate metabolite in the ortho pathway. The presence of the compound at 260 nrn 
correlated wcll tvith the presence of dissolved or~anic carbon that could not be attributed to glucose or 
phenol fiTSG-DOC) during dynamic experiments. 
8 1 209, 2 1 O, 2 1 112 12, 270, 400 1 
Scans performed for a limited number of samples in each run. Not al1 samples in each run contained each 
Table 5 23. Cltraviolet Absorbance P e a k  Observed Dunnp Step-change ~x~er iments '  
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Allsop (1989) noted the presence of a yellow-green colour in the broth during dynamic 
esperiments, although its presence was not necessarily linked to surgcs in SPNG-DOC. Hc suggested that 
the colour may have been due to the production of a pigment, which is a cornmon feature of fluorescent 
Psc.uclrmoritlllsd. (including P. prrridu) (Pallcroni, 1975). Kotturi (1989) also reported the presence of a 
ycllow-green colour during expcrimcnts with the same strain ofP. prrriclu which was used in this study. 
The absorbance scans in this study (in Figures 5 . 5 2 - 5 . 5 5 )  bear little resemblance to those of Allsop 
(1989) who reponed an absorbance maximum at 260 nrn for intermediate-response types of esperiments. 
The nins in *.hich t h e  wcre high-lcvel rcsponscs al1 had pcaks corresponding to the phenol peak at 270 
nrn; however, phenol has two pcaks, including anothcr at 214 nrn (see Figure 5 , 5 5 ) .  The peak at 214 nrn 
was ofien rcplaced by others at wavelengths in the range of 209-21 5 nm (see Table 5.23). Runs 6 and 7 
wcre both classified as low-response; howcver, thc spectral scans of the two experiments were very 
different 1s iih incrcasins amounts of compounds absorbins at 255-258 nm and 400 nm, rcspectiveIy. 
A possible csplanation for some of the peaks is the cxcretion of intermediate metabolites which 
would rcsult from uncoupled metribolkm of the type noted duriny the batch kinctics experiment u,ith 
unacclimated cultures (see Section 5.1.1.2). The absorbance pcaks of intermediate compounds in the orrho 
pathway for phcnol biodegradation are shown in Table 5.24. 
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Fisure 5.56. Absorbante spectrum of phenol benveen 200 and 400 nm. 
A number of the intermediate metabolites have peaks (208-215 nm) that rnay be difficult to 
distinguish i f  there is any phenol present, because of the large first peak at 214 nm; however, a first pcak 
value of 2 14 nm was quite rare in the samples in which phenoi was evident. For the washout experiments 
(Runs 4,5 and 8), the peaks may correspond to the presence of p-  ketoadipate en01 lactone (Runs 4 and S), 
succinate and muconolactone (Runs 5 and 8). Runs 5 and 8 also yielded samples which had peaks at 210 
nm which cannot be esplained by the intermediate metabolites listed in Table 5.24. 
The two low-response experiments (Runs 6 and 7) had very different spectral profiles. Run 6 did 
not contain any peaks as such; however the 'hump' in Figure 5.53 had a consistent maximum at 255-258 
nm (the absorbance was the same for each wavelength) which is similar to the peak for cis-cis-muconate at 
257 nm. The strong peak at 300 nrn in Run 7 does not correspond to any metabolites found in the ortho 
pathway. The yellow compound was also detected at the beginnings of Run 5 at a low Ievel and Run 8 
(which immediately followed Run 7). The compound may simply be a pigment that is secreted by P. 
purida Q5. -4 yellow-green compound reponed by Kotturi (1989) may be another example. 
The spectral evidence suggests that a number of intermediate metabolites fiom the orrho pathway 
rnay have been excreted into the broth during step changes in which there was a high response; however no 
conclusions can be drawn without analysis that can specifically identiS, each compound (eg. GC-MS). The 
detected compounds could also be a result of cell leakage due to damage to the ceIl membrane (see Section 
3.1 2), particularly because se\.eral were present when the phenol concentration rose to inhibitory levels. 
The compounds could also be estracellular anabolites. There is no data to indicate the relative importance 
of these compounds to the dissolved organic carbon. 
5.2.4 Biofilrn Characteristics and Development 
5-2.4.2 Biofllm Formation and Development 
The biofilms observed in this study tcnded to be very thin, even afier fairly long periods of time for biofilm 
developmcnt (30-80 days). These startup times arc similar to those used for nitrifying bacteria which have 
a relatiiely low maximum growth raie (0.033 h" at 20CC; Ganido et al., 1997) which is in the rame order 
of magnitude as the maximum g r o ~ t h  rate for P. prrridtr Q5 at 10°C. A difference between this study and 
those in which nitriflins biofilms were dcvclopcd, is that the dilution rates were much higher in the other 
studies (2 h" as opposcd to 0.04 h", for exarnple) (Garndo et al., 1997). A dificulty when usinp tosic and 
inhibitory substrates is that the high dilution rates (which in other cases would enhance biofilm srowth 
because of the high substrate levels and the jack of cornpetition for substratc with suspended cells), inhibit 
growth and may prevent dcveloprnent of a mature biofilrn. This was seen during Run 8 where there was 
lirtle apparent growth of the bioiilm even 250 hours aAer the step increase to a dilution raie of O. 17 Y'. The 
%cd conccntrriticn of CC6 m g 1  phcnol ivas clcarly inhibitory. 
An important factor in the development of a mature biofilm is abrasion due to bare or partially 
covered particles. Gjalterna et al. (1995, 1997b) and Tijhuis et al. (1995) have rcporled that detachment is 
influenced stronglp by the concentration of bare carriers in the reactor The abrasion rate per panicle 
increases with the size of the panicle and the sharpness or roughness of the particle (Gjaltema et al., 
1997b). Gjalterna et a1.(1997b) susgest that during the startup of ICFBRs, the abrasion stress is initially 
high until a suficient ponion of the carriers become covered or partly covered with biofih, at which point 
the abrasion stress is reduced and biofilm formation proceeds at a faster rate. Thus, the successful startup 
of an ICFBR reactor may depend upon achieving a growth rate in the prirnary biofitm layer which is high 
enough to overcome the detachment forces which resuh from the high level of abrasion. The thin biofilrn 
thickness reponed in this work rnay have been due to a high levef of abrasion. Thicker biofilms were 
achieved in runs in nhich the concentrations of particles were lower (eg. Run 6 with biofilm thicknesses of 
13-30 prn). In other reactors described in the Iiterature, development of fairly thick biofilms has been 
achieved aith fairly high particle concentrations (eg. I O  a) by operating at high organic loadings and 
above the critical dilution rate for an equivalent suspended-ceIl culture. For reasons already discussed this 
is lcss desirable for reactors treating toxic or inhibitory substrates if the feed concentrations are subtantiaIIy 
above S.. 
Once biofilm development was well underway, approximately 5-10% of the particles remained 
bare, cven during Run 6 ~ h e r e  the biofilm thicknesses were quite thick. Examples are shown in Figures 
5.57 and 5.58. 
Figure 5.57. Example of a bare carrier during Run 4. 
Figure 5.58 . An example of a bare panicle (in the background) during Run 6. 
The bare particles generally appeared to have smooth Rat surfaces and sharp edges, unlike the other sand 
particles that were hichly irregular and rounded. These obsenations are supported by the findings of 
Gjaltema et al. ( 1  997a), who reponed that the adhesion of P. prtrida to particles in ICFBRs depended to a 
rzreat degree on the surface roughness. The initial biofilm development occurred in pits and hollows on the 
Y 
particle surface, and was much more affected by shear stress than physico-chernical properties of the 
particle surface (Gjaltema et al., 1997a). 
5.2.1.3 Bioîilm Morphology 
The biofilms obsemed durinç Runs 1, 5, 7 and 8 were thin and sniooth. A portion of the bioparticles (at 
least 5076) were covered nith thin patchy gowth. An example of both gpes of bioparticles is shown in 
Figure 5.59. Gjaltema et al. (1 9974 b) reponed that smaller particles are more likely to develop a biofilm 
because their impact upon colliding with other particles is less. This was not found to be the case. BiofiIm 
g r o ~ t h  appeared on particles of ail sizes, and patchy çrowh secrned to be as common on small panicles as 
on lar~er  ones; however this was not confirmed statistically. 
The biofilms obscmed rit steady-state conditions for Runs 2 and 3 were also smooth and thin; 
however, afler the step changes in each experiment, protuberances developed (See Figures 5.19, 5.20, 5.23 
and 5 24 in Section 5 2 2.1). The formation of protuberanccs became more pronounced afler a reactor 
upset follouins Run 3, during   hi ch a hish-concentration feed Ras dclivcred to the system and panicles 
wcre lost to the cflluent tank (possibly as a result of pH problerns and the 'lifl-out' phenornenon). An 
example is sho~vn in Figure 5.60. Hcterogeneous biofilms also fonned during Run 6, possibly as a result 
of the low shcar stress arising from the low panicle concentration and thick biofilms that developed. An 
csample of this type of biofiIm is s h o w  in Figure 5.61. The developrnent of 'fluffy' biofilms afler an 
incrertse in substrate loading has been reponed in other studies as well (Tang et al., 1987; Kwok et al., 
1398). 'Hairy' biofilms have been reponed at low panicle concentrations (Tijhuis et al., 1996). These 
obsenations are consistent with the hypothcsis postulatcd by van Loosedrecht et ai. (1995a). They 
suggested that biofilm structure is a îûnction of the balance betwcen detachment forces and surface Iriading. 
M'hen the substrate surface loading increases, the biofilm preferentially gows  in a hcterogeneous 
morphology, which increases the surface area of the biofilm. Over time, this reduces the substrate surface 
loadins and the protuberances erode to a new steady-state biofdm thickness. Kwok et al. (1998) observed 
that their ' fluffy' biofilms erodcd over tirne, which agrees \+ ith the hl*pothesis. In cases where the abrasive 
force is low, the hctcrogcneous stniîture may persist. 
Prior to the step change in Run 6, the protuberances bcgan to break off fiom the biopanicles and 
form settleable suspended biomass in the reactor. This led to problems with solids separation and a build-up 
of suspendcd solids in the ICFBR. As the run progressed, the suspended solids became less heterogeneous 
and more rounded and solid in appearance. They also became largrr, until they were comparable in size to 
some of the smaller bicparticles. An example is s h o w  in Fipre 5.62. This phenornenon is similar to the 
formation of granules reported by Tijhuis et al. (1995) and Gjalterna et al. (1997b). Tijhuis et al. (1995) 
reponed that they removed a portion of the flocs and ganules fiom their ICFE3R reactor, presumably 
because of problems with solids separation. 
Figure 5.59. Esample of a thin, smooth bioflm-coated particle (centre) and partially-covered bioparticlcs 
(upper right) durinç Run 7. 
Fipre 5.60. Bioparticles with protubcrances lvhich developcd afier a reactor upset folIowing Run 3. 
Figure 5.61. Example of a heterogenecus biufilm structure with a thicker base biofilm prior to Run 6. 
Figure 5.62 . Esample of bioparticles, granules and settleable suspended solids which occurred 
during Run 6. 
Another ditliculty arising from the buildup of granules and flocs within the ICFBR was that 
suspcnded biomass consumcd much of the phcnol in the reactor. Gi\.en that the biofilm thicknesses were 
reasonably thick (with an average of up to 40 um), substrate or osygen depletion within the inner layers of 
the biofilm were Iikety. Several examples of sloughinç were obsemed, probably as a result of decay in the 
inner regions of the biofilm. An example is s h o w  in Figure 5.63, in ~vhich a ponion of the bare panicle 
surface had been exposed as a result of a large piece of the biofilm being removed. 
Figure 5.63. Exarnple of sloughing during Run 6. 
5.3 Model Verification 
5.3.1 >Iode1 Solution 
The model described in Section 3.0 could not be solved analj-ticrilly, so numerical methods w r e  used. A 
steady-state form of the model \vas solved to provide initial conditions, which were needed IO solve the 
unsteady nate model. 
5.3.1.1 Steady-stste Model 
The steady-state model was solved using the von Yeuman integral method used in fluid dynamics. The 
signifkant advantage of the integral rnethod is that the original formulation, which consists of a system of 
partial and ordinary diffential equations, is transfonned to a set of diffential equations only, which can be 
readily integrated with standard Runge-Kutta methods. The MATLAB progam that was used to solve the 
steady-state mode1 is listed in Appendix B. 
The phenol profile within the biofilm is approximately parabolic, and is related to boundary layer 
problcms sol\,ed using a similar approsimation by ion Karman (1921) (as cited in Holman, 1990). When 
the phenol concentration in the bulk fluid is inhibitory, the çrowth rate in the biofilm rnay be higher in the 
interior of the biofilm than at the surface (Gantzer, 1989), however, it is expected that the shape of the 
phenol profile in the biofilm wciuld also have an approsimateiy parabolic form as shown in Figure 2.5. 
This asstimption simplifies the maihematics, and can satisfy the boundary conditions penaining to the 
biofilm/bulk fluid and the biofilm/substratum interfaces. In principle other higher order profiles could be 
assumed in order to improve the accuracy of the simulations. In this particular case, the resulting 
cunature was small because the biofilm thicknesses were very thin (see the discussion in Section 5.3.3) 
and the growth rate can be assumed constant over the bioiflm profile. For this case the parabolic solution is 
the exact solution for a steady-state solution. This approach avoids numerical solution using finite 
elements   hi ch uould require a grid which changes with time, leading to a much more complex solution. 
The t>pc of substrate profile depends tipon the substrate concentration in the bulk fluid, the 
substrate uptake rate of the cclls and the biofilm thickncss. There are three categories of substrate profiles 
in the biofilm, ~vhich are shoun in Fisure 2.5. At one exverne is a flat profile in which there is no 
resistance to mass transfer, oflen found in very thin biofilrns (case 'a' in Fiyre 2.5). At the other extueme 
is a deeply penetrated biofilm in uhich the substrate concentration uithin the biofilm reaches zero, either at 
the biofilm/particle interface or \rithin the biofilm (case 'c' in Figyre 2.5). This type of substrate profile is 
ilndcjirilble bccause the tidfilrn bccomes susccptibk to sloughing 3s the EPS structure nerikens in 
substrate-depleted resions (Wagner and Hempel, 1988; Applegate and Bryers, 199 1). Between the two 
estremes is a substrate profile nhich is approsimately parabolic in shape and does not reach a zero 
concentration (case 'b' in Fipre 2.5). In heterogeneous biofilms, the substrate profile may look quite 
different, particularly if there is convective transport within the void spaces; however, such a case is not 
considered here. For P. putida Q5 growing at 1OGC, biofilm thicknesses below 45 pm are expected to 
resemble those in case 'b' (Patoine, 1989). 
Because relatively thin biofilms were obsemed d u h g  this study, a parabolic phenol profile in 
which the substrate concentration did not reach zero was assumed. The profile was given the general form 
S, = ~ ' ( r  - rJ2 + b'(r - rp )  i cf (S. 1 1) 
where a', b' and c' are constants. The expression was solved using the expressions for the boundary 
conditions and rcplaced the variable .Y, in the model vh ith the coeficient of the second degree term in the 
profile hnction in Equation 5.1 1. The drvelopment of the model solution is described in detaii in 
Appcndix A. This substitution transformed the set of equations into a set of four ODES with the coefficient 
of the second powcr in the profile function in Equation 5.11. The values of S h ,  .yy, a' and rf that were 
dctermined from the steady state model, were used as initial condition inputs to the unstcady-state model. 
5.3.1.2 Unsteady-state Model 
The unsteady-state mode1 %as solved numerically using, the stiff ODE soiver, ODESs, in MATLAB. The 
code is Iisted in Appendix B. The model tvas transformed into a forni that was amenable to the solver by 
usin2 the parabolic approximation discussed in the prcvious section and two other key transformations. 
The first transformation cmployed uas the Leibniz rule to deal with the rnoving boundary probtem 
poscd by the yrowth of the biofilm and ihe change in the variable r, vhhich uas the limit of an inteyral term. 
The second was the consolidation of an untidy group in the balance on the substrate concentration within 
the biofilm. rcsulted in a new lumped-term variable, O, which rcplaced a' as one of the four unknowns 





wherefi,h,h,h andfJ are functions of the indicated variables. 
5.3.2 Expcrimental Verification of the Model 
5.3.2.1 Enperirnental Verificstion of the Steady-state Model 
Steady-state values for each of the four variables were obtained using the steady-state model. Initially, the 
steady slate model was dificult to fit to the data using experimentally dctermined values for each 
paramcter. There wcre two problems encountered durin3 the fitting procedure. 
The first problem was ihat the experimental \.ahes for the specific detachment rate, r ~ ,  were 
unrcliable. The difficulties in evaluating ru were discussed in Section 5.1.4.4. The values listed in Table 
5 15 wcre chosen to reflect the particje concentrations that were used in each mn, and also were slightly 
adjusted to bener fit the model to the data. 
The second problern was that the values for the maintenance coetricient, m. did not appear to work 
well with the strady-state data from the ICFBR. A i.alue of 0.043 dgh was determined from CSTR 
esperiments with suspended cell cultures at 10°C. It %as clear from the yield data listed in Table 5.25, that 
thcre was a difference between the first three esperiments and the last yroup of cxperirnents. The lamps for 
the spectrofluorometer and the spectrophotomcter used to evaluate the phenol concentration and the optical 
density of the broth Ivere changed betwecn the analysis of the two sarnple sets. Both instruments w r e  
recalibrated, and ihc calibration for the spectrofluorometer was checked !ive times during the data analysis 
for Runs 5-8, during H-hich no shifi in the calibration was detectcd. Yo expianation can be offered for the 
hiyh yield values in Ruiis 5-8. Consequently, to reflect the chanses in the yield, two different vaIues of m 
ucre used. X ialue for in of O 03 g ' g h   vas uscd for Runs 1-3 and 3 value of 0.01 g'g-h rvas uscd for 
subsequent esperiments. These values of m roughly approxirnate the observed values of yLs using 
Equation 2.7. For example, for Runs 1 and 7, the catculated values of YC.S are 0.8 and 1, respectively. 
Table 5.25 Euperimental Values of Obsened Yield (yLz) and Sand Concentration (C,) and Values of the 
\faimenance Coefficient (m) and the Specific Detachment Rate (rL.) used in the Mode1 Simulations. 
Run 
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The results of the mode1 f t t t inç  are shown in Table 5 26. The model predicted the bulk phenol 
concentrations fairly well for ihe first rhrce cspcriments. The fitted values for Runs 5 to 8 were loner than 
measured. The rneasured values wcre hiçher than expected and it was possible that there was some 
interference by other cornpounds. This was likely the case during the sieady-state period prior to the step 
chanse in Run 8 during which what was iikely a yellow pigment was secrcted into the broth. The yellow 
compound was washcd out quickly as the run progressed. The fittcd values of the suspended biornass 
concentration were typically lower I han obscned csperimentall y, but were usuall y within 10% of the 
espcrimental value. The modcl predicted thin biofilrns for the selected values of rD. This was consistent 
~ i t h  experimental obsenation. The biofilms for which thcre \vas no thickncss data during Runs 1.2 and 3, 
wcre very thin prior to the step changes; thus, the fitted values were reasonable. The simulation values 
listed in Table 5.26 for steady-state conditions were uscd as initial values for the unsteady-state model. The 
parameter values for the steady-state and unsteady-state models were consistent for each run. 
Table 5.26 Comparison of Experimental and Sirnulatcd l'alues of the Measured Variables 
in the ICFBR at Sieady State. 
5.3.2.2 Erperimen ta1 Verification I he C'nsteady-state Mudel with High-response Experimen ts 
The calibration procedure for the unsteady-state model is summarized in Section 3.5.3. The fit of the 
model to the esperimental results was first esplored with the high-response experiments because those 
experiments gave the most information about the sensitivity of the syjtern to shock loads. The discussion 
&il1 focus on Runs 1 and 8 because problems were esperienced with clogging of the downcomer with 
particles during Run 5 as a result of sparger plusging. Run 1 was a moderate shock load dunng which the 
dilution rate was increased fiom 0.034 to 0.059 h-' and the average feed concentration was increased from 
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from 0.037 to 0.1 7 h" and the averase feed concentration changed frorn 592 to 506 mfl  phenol. Both nep 
changes resultcd in the washout of suspendcd biomass and increases in the bulk phenol concentrations, 
approaching feed concentrations. The response of the bulk \variables, phenol concentration and suspended 
biomass concentration uill be discussed first. 
Bulk Parameters, Sb and XI 
The first attempt at fitting the model to the experimcnts was made with the Ualdane rnodel for the 
kinetics, using paramctcrs dctermincd from acclirnatcd cultures. The resulting simulations are shown in 
Figures 5.64 and 5 65. In both cases, the unsteady-state modcl predictcd that the systems would recover 
from the shock. In  the case of Run 8 (Figure 5.65), the unsteady-state model predicted that the system 
would exhibit large transients in the bulk phenol and suspended biomass concentrations, and that the 
phcnol concentration would cscced 300 mcJL phcnol, ~ h i c h  is well into the inhibitory range. Neither 
simulation fit the data. 
The changcs in bulk phenol concentration during the high-rcsponse experimcnts were quite rapid, 
with concentrations rising to inhibitory levels nithin ;en hours. The shortest gencraiion lime of P. p l i c h  
Q5 at 10°C is, at best, scven hours. The gcneration limes during the esperiments were much longer, 
because the steady-state specific gon ih  rates were low. Thus, acclirnation could not have occurred quickly 
enough for the cells to adjust to the changing conditions. 
When comparins the kinetics of acclimated and unacclimated P. pitrida QS in Section 5.1.1.2, two 
srriking differcnçes were noted For unacclimated cultures, ihe critical spccific pro\vth rate, y', was lower 
and the specific gofith rate under inhibitory conditions decreased more rapidly as the phenol concentration 
increased. Both characteristics have a significant effect on how the system responds to changes in phenol 
concentration and how a model predicts the response. 
Time (h) 
Figure 5.64. Simulation of the bulk phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run I using Haldane kinetics determined for acclimated cultures. The simulation 
is plotted uith the esperimcntal rcsponse o f  the bulk phenol concentration (*) and the suspended biomass 
concentration ( A )  to an incrcase in the feed concentration from 25 1 to 236 mg$ and an incrcase in dilution 
rate from 0.034 to 0.059 h" . 
1 
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Figure 5 65. Simulation of the bulk phenol concentration (- ) and the suspendt-d biomass 
concentration (- - - - -) for Run 8 using Haldane kinetics dctermined for acclimated cultures. The simulation 
is plotted 4th the esperimental response of the bulk phenol concentration ( 0 )  and the suspended biomass 
concentration ( A )  an increase in the dilution rate from 0.037 to O. 17 h". The ieed concentration changed 
from 9 2  m a  to an average of 506 rngL afler the step change. 
A second attcmpt at fittinç the model to the espcriments was made nith the kinetics determined using 
unacclimated kinetics. The Luong model was used because it was better at predicting the specific growth 
rates of unacclimated batch cultures than the Haldane model (see Section 5.1.1.2), in pan because it 
prrdicts strongcr inhibition at highcr phenol concentrations. 
The resutts from the simulations using unacclimated kinetics are s h o w  in Fisures 5.66 and 5.67. 
The simulation of Run 8 predicted a rapid washout of suspended cells and an increase of the phenol 
concentration to a level approachiny the feed concentration ~ i t h  no recovery. The fit of the model to the 
dynamic response was very çood. Worden and Donaldson (1987) also found it necessary to increase the 
level of inhibition to fit a dynarnic ICFBR model to two pulse experirnents; they accomplished this by 
decreasing the value of KI. 
The simulation of the moderate shock in Run 1, did not predia the response of the system (in 
Figure 5.66). The model predicted a small transient in the bulk phenol concentration, followed by a retum 
to low levels. The sirnulated suspended biomass concentration increased quickly to a maximum and then 
leveled off to a ncw steady state. The cxperirnental data sho\ved an increase in the phenol to 100 rn@ as 
the suspended biomass bcçan to wash out, at which point the iun was terminated. 
In shock-loading esperirnents with suspended-cell cultures, properly calibrated Haldane kinetics 
can usually predict the complete mashout of a culture uhich has been subjected to a large shock load 
(Garcia Sanchez et al., 1998); ho~vever, the Haldane model cannot predict washout accurately at lower 
shock loads (Garcia Sanchcz et al ., 19%). The predict ive capabilit y of other balanced-grow~h rnodels such 
as the model of Luong (1987) appcars to be similar in a biofilm reactor. Run 8 rcpresented a severc shock 
load to thc ICFBR; system failure was succcssfully simulated using balanced growth kinetics that had been 
determined using unacclirnated cultures. The system failure in Run 1. howcver, was not predicted 
accurately using balanced grawth kinetics. 
I 
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Figure 5.66. Simulation of the buik phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run 1 using Luonç kinetics determined for unacclirnated cultures. The 
simulation is plotted with the esperimental response of the bulk phenol concentration (0) and the suspended 
biomass concentration ( A )  to an increase in the feed concentration from 15 1 to 296 m@ and an incrcase in 
dilution rate from 0.034 tc! 0.059 h". 
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Figure 5 67. Simulation of the bulk phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run 8 using Luong kinetics determined for unacclimated cultures. The 
simulation is ploned wiih the expetimental response of the bulk phenol concentration ( 0 )  and the suspended 
biomass concentration ( A )  an increase in the dilution rate fiom O 037 to O. 17 h" The feed concentration 
changed ffom 592 mg/L to an average of 506 mg/L after the step change 
The acclimated and unacclimated kinetics used in both sets of simulations utilized the concept of 
balanced growth; however. results fiom shock-loading experiments using continuous suspended cultures 
suggest that unbalanced growth is likely (Storer and Gaudy. 1969; Yang and Humphrey. 1975, Yongaçoglu 
et al.. 1981; Sokol, 1988a; AlIsop et al., 1993; Garcia Sanchez et al., 1998). The various hypotheses 
concerning unbalanced gowh include changes in the cell nnicture and RNA content. norage or excretion 
of intermediate metabolites, metabolic overflow, double inhibition by intermediate metabolites and phenol, 
and growth rate hysteresis. These were describeci in Section 2.3.1.2. 
The presence of intermediate compounds was not investigated for Run 1 .  The presence of 
intermediates in Run 8 d e r  the step change was not confmed, possibly because the phenol concentration 
was high in the amples that were investigated. However, it is very likely that in both experiments, growth 
either stopped or was affected by the phenol or intenediate concentrations reached during the experiments 
in a way that affected the outcorne of the expenment. 
Growth rate hysteresis has been approached in a numbtr of ways by other researchers. Most have 
produced Ume las models that are of limited use. Several utilize variables that are dinicult to meanire a 
prrorr, including the value of p immediately afier a sep  change (Yang and Humphrey. 1975) or the ratio of 
enzyme activity to the maximum enzyme activity of the cells (Yongaçoglu et al.. 1981). which limit the 
utility of the models for predictive purposes. ûthers represent the step change in some way, as the ratio of 
dilution rates before and afler a step change (Li and Humphrey. 1989). Time constants to mode1 the delay 
in the ability of the cell to react to the shifi in feed conditions have also been applied; however, they have 
been limited to srnaIl perturbations (Young et d., 1970). or have required the use of separate time constants 
for uptake and growth with linle experimental verifkation (Chiam and Harris. 1983). 
In this work, a very simple adjusting factor (Equation 5.16) was added to the mode1 to dlow for 
growth-rate hysteresis. Unlike other models, the adjusting factor changed according to the phenol 
concentration that the bacteria were being subjected to at any given time. The steady-state phenol 
concentrations in the system were very low; thus, if during a simulation the phenol concentration in the 
bulk fluid (or the biofilm) departed siynificantly from the steady-state value, it was assumed that the cells 
were undergoing some son of hysteresis. This is supponed by the observations of strongiy unbalanced 
growth in some of the unacclimated-culture batch kinetics experiments at concentration increases as low as 
50 mg& phenol (see Figure 5.9 in Section 5.1.1.2). Another assumption underlying the adjusting fùnction 
was that as conditions proceeded fanher away From the steady-state phenol concentration. .%(O), the 
suppression of growth became more severe, although it was assumed that growth was possible to some 
extent. 
The adjusting factor was expressed as a suppression of celi-growth that was proportional to the 
difference beween the bulk phenol concentration and the neady-state phenol concentration to which the 
cells had been acclimated. Thus, the growth rate of the suspended ceils was expressed as follows: 
~ b ( ! )  = k ( s b ( ' ) - s b ( o j ) ~ b * b ( t )  (5.16) 
where the bulk concentration of phenol at time r, S&). and at the initial steady state value. &(O), were 
expressed in mgkm' and the specific growth rate conesponding to Sb(r) assuming balanced growh. ,üa.b 
was expressed in h". The specific growth rate within the biofilm was expressed similady. 
P ~ ( ~ * ~ )  = k ( s f ( r y t )  - s f ( r 3 0 ) ) ~ f . b ( r 9 t l  (5.17) 
A disadvantage of the hnction is that is does noi predict metabolic overflow - that is, the 
conversion of phenol to other products that are not used for growth. Very low concentrations of non- 
phenol cornpounds cornpared to the concentrations of phenol present were detected in the bulk fluid in the 
samples that were analyzed using GC-MS. Thus, the diversion of substrate to the production of other 
compounds rather than to growth was not considered significant enough to induce one to complicate the 
model fürther. The introduction of intermediate compounds introduces significant complexity to the model 
formulation as shown by Garcia Sanchez et al. (1998) for suspended-cell cultures, with the addition of a 
number of parameters which have to be identified. 
Simulations of Runs 1 and 8 using a value of 10 cm3/mg for k. are shown in Figures 5,68 and 569. 
k was determined through trial and error using the data fiom Run 1 only. The unsteady-state mode1 with 
the growth-rate adjusting hnction fit the data for Run 1 (Figure 5.68) much better than before. The model 
prediaed a steeper increase in phenol concentration and a steeper decline than the data indicated, 40 hours 
afler the step change and beyond, however, without additional data, it is difficult to ascenaîn whether the 
reactor would have recovered or if the change in slope in each case is due to measurement error. The 
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Figure 5.68. Simulation of the bulk phenol concentration (- ) and the suspended biornass 
concentratoin (- - - - -) for Run 1 using Luong kinetics determined for unacclimated cultures, adjusted to 
account for suppression of growth during shock-loading. The simulation is plotted with the experimental 
response of the bulk phenol concentration (e) and the suspended biornass concentration ( A )  to an increase 
in the feed concentration from 251 to 296 mg/L and an increase in dilution rate Born 0.034 to 0.059 h" . 
simulation in Figure for Run 8 was slightly steeper than in the previous case (Fiçure 5 69). which bener 
reflected the data. 
Figure 5.69. Simulation of the bulk phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run 8 using Luong kinetics determined for unacclimated cultures, adjusted to 
include suppression of growth during the shock-load. The simulation is ploaed with the experimental 
response of the bulk phenol concentration (a) and the suspended biomass concentration ( A )  to an increase 
in the diIution rate ffom 0.037 to 0.17 h-'. The feed concentration changed fiom 592 mfl  to an average of 
506 mg/L afler the step change. 
A simulation of Run 5. show in Figure 5.70, was attempted even though there were problems 
with solids suspension during the run due to sparger plugging. In Run 5. the dilution rate was increased 
from 0.042 to 0.095 h" and the average feed concentration changed fiom 158 to 183 m a  phenol. During 
the expenment the suspended biomass washed out of the reactor and the phenol concentration approached 
the feed concentration. The simulation predicted that the system would react only slightly to the step 
change with full recovery d e r  a small transient in the phenol concentration. A check of the sand 
concemraiion in the EPS simples taken over the course of the run, confinned that the solids had settled out 
in the reactor. likely in the ami of the downcorner where plugging was observed later. A plot of a 
simulation of the same mn, except with inactive biofilm to simulate the absence of biopanicles. resulted in 
washout of the suspended biomass (in Figure 5 71) The rate of washout in the simulation was steeper than 
the rate of washout that was observed in the system; however, bioparticles were present (in decreasinç 
amounts) at the beginning of the mn. and likely absorbed some of the shock. The difference between the 
two simulations iIiunra!es the importance of the biofilm to the stability of the reactor. even though the 
average initial biofilm thickness was fairly thin (9 pm - measured and 7.3 pm - used in the simulation). 
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Figure 5.70. Simulation of the bulk phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run 5 using Luong kinetics determined for unacclimated cultures, adjusted to 
include suppression of growth during the shock-load. The simulation is plotted with the experimental 
response of the bulk phenol concentration ( 0 )  and the suspended biomass concentration ( A )  to an increase 
in the dilution rate fiom 0.W2 to 0.095 h-' at a feed concentration of 160 mglL. 
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Figure 5 71 Simulation of the bulk phenol concentration (- ) and the suspended biornass 
concentration (- - - - -) for Run 5 assuming that the biofilm was inactive. Luong kinetics determined for 
unacclirnated cultures, adjusted to include suppression of growth during the shock-load. were used. The 
simulation is ploned with the experirnental response of the bulk phenol concentration (*) and the suspendeci 
biornass concentration ( A )  to an increase in the dilution rate from 0.042 to 0.095 h" at a feed concentration 
of 160 mg/L. 
Biofilm Parameters. b and Sf 
The simulation of biofilm thickness during Run I is shown in Figure 5.72. The model predicted that the 
biofilm thickness would increase marginally from an extremely thin layer (zl pm) and then would be 
eroded as detachment forces exceeded the growth rate of the biofiim during the rise in the bulk phenol 
concentration beyond the critical substrate concentration. Practically speaking. such dynamics would be 
difficult to observe in the lCFBR because the resolution of the biofilm thickness measurement was not 
narrow enough to distinguish biofilm thickness at this ievel. Although biofilm thickness was not rneanired 
during this rua the biofilm appeared extremely thin and dificult to distinguish under the microscope. No 
change was observed over the course of the run. 
The simulation of the biofilm thickness during Run 8 is shown in Figure 5.73. The model 
predicted that within 200 hours of the nep change the biofilm would be eroded by abrasive forces. from an 
initial biofilm thickness of approximarely 5pm. During Run 8, the concentrarion in the reactor rapidiy 
reached 570 mg/L phenol (a feed tank with a concentration of 730 mg/L was used after the step change in 
dilution rate, but subsequent tanks averaged 506 mgk) At this concentration assuming unacclimated 
Luong kinetics. one would expect that the biomass would be completely inhibited. It is not clear from the 
biofilm thickness data if this was the case. considering the resolution of the biofilm thickness measurement 
and the scattcr in the data. The dip in the biofilm thickness at the end of the experiment (in Figure 5 73) 
was not reflected in the EPS measurements or visual observations. A thin biofilm appeared to be forming 
gradually on a portion of the particles afler the step change, suggesting that the biofilm cells had adapted to 
the high bulk phenol concentration and were growing enough to compensate for detachment forces. The 
smooth appearance of the biofilrn that was forming (see Figures 5.46 and 5 48) also suggested that the rate 
of gowth was very slow; otherwise, protuberances would be expected. 
-100 -50 O 50 100 150 200 250 
Time (h) 
Fipre 5.72. Simulation of the biofilm thickness during Run 1 assuming Luong kinetics developed for 
unacclimated cultures and an adjustment of the growth rate to account for growth-rate suppression during a 
shock load. The feed concentration was increased from 251 to 296 mg/L and the dilution rate increased 
fiom 0.034 to 0.059 h-'. 
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Figure 5.73. Simulation of the biofilm thickness (-) during Run 8 assuming Luong kinetics detcrmined 
for unacclimated cultures, adjusted to include suppression of growth during the shock load The simulation 
is ploned with the experimental response of the biofilm thickness ( O )  to an increase in the dilution rate 
fiom 0.037 to 0.17 h" The feed concentration changed fiom 592 mg/L to an average of 506 mgL afier the 
step change. 
The phenol concentration profile in the biofilm could not be measured; however. values for Sr 
could be extractcd fmm the model. A plot of the phenol concentration profile dunng Run 1 is shown in 
Figure 5.74. The length of each line in the plot is the predicted biofilm thickness at each time listed during 
the run. The flat profiles indicate that the rate of consumption of phenol was reaction-rate-limited rather 
than diffusion-lirnited. This was expected because the biofilm was very thin. The profile corresponds to 
the fully penetrated biofilm (line 'a') in Figure 2.5. 
53.23 Experimental Verification the Unsteady-state Modd with Low-response Experiments 
The unsteady-state model with kinetics developed for unacclimated CuitUres using the model of Luong 
(1987) adjuaed for growth-rate hyneresis was applied to experiments in which there was a low level of 
response to the step change. The low-respow experiments included Runs 2. 3 and 7. In Run 2, the feed 
Radial Distance from the Particle Surface 
(IJm) 
Figure 5.74. Simulated phenol concentration profiles in the biofilm during Run 1 assuming Luong kinetics 
developed for unacclimated cultures and an adjustment of the growth rate to account for growth-rats 
suppression during a shock load. The feed concentration was increased hom 251 to 296 rngL and the 
dilution rate increased fiom 0.034 to 0.059 h" 
concentration was increased fiom 180 to 303 mg/L phenol; the dilution rate changed fiom 0.045 to 0.037 
ha' .  In Run 3, the dilution rate was shified nom 0.025 up to 0.059 h" and the feed concentration was 248 
myR phenol. In Run 7, the feed concentration was increased fiom 192 to 712 mg/L phenol; the dilution 
rate shifled slightl y From 0.03 7 to 0.03 1 Y' .  hiring each of these mns. there was little response in the bulk 
phenol concentration and the suspended biomass concentration increased. 
Bulk Parameters. S+ and & 
The simulation of Run 2 is show in Figure 5.75. The mode1 predicted the lack of response in the 
bulk phenol concentration. Although the steady-aate suspended biomass concentration in the experiment 
was higher than predicted, the model corredy predicted the rate of increase observed in the experiment and 
the general fom, as the wspended biomass concentration reached a new neady nate in approximately 50 
hours. 
The simulation of Run 3. in Figure 5.76 is less accurate. It correctly predicts that the step change 
would not cause washout, and that the system would recover. however, the transient response in the phenol 
concentration predicted by the model did not occur. The model also did not accurately predict the new 
steady-state suspended biomass concentration after the nep change. 
The simulation of Run 7, in Figure 5.77, predicted a rapid washout of the biomass and rapid 
increase in the phenol concentration. Experimentally, however, there was no response in the bulk phenol 
concentration and the suspended biomass concentration rapidly increased to the new-steady state The only 
explanation for the difference between the expenmental observations and the mode1 predictions is the 
profusion of wall growth observed in the upper section of the nser The wall growth consisted of long 
streamers several millimetres in length. Wall growth has been attributed to enhancing the stability in 
continuous suspended-ceIl cultures biodegrading phenol in laboratory-scale reactors in another study, to the 
extent that the researchers were not able to wash out the culture even at fairly high dilution rates (D>O. 5 h". 
,ue=0.21 h"; S,=200 mgL) (Howell et al.. 1972) Thus it is not surpiising that wall growth was able to 
absorb the shock load delivered to the system, even though it cavered only a small portion of the inner 
reactor surface (approximately 10%). 
Figure 5 75 Simulation of the bulk phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run 2 using Luong kinetics determined for unacclimated cultures, adjusted to 
include suppression of growth dunng the shock-load. The simulation is plotted with the aperimental 
response of the bulk phenol concentration (e) and the suspended biomass concentration ( A )  to an incrase 
in the feed concentration From 180 to 270 mg/L phenol and a change in the dilution rate fiom 0.0451 to 
0.0368 h-'. 
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Figure 5 76. Simulation of the bulk phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run 3 using Luong kinetics determined for unacciimated cuitures, adjusted to 
include suppression of growth during the shock-load. The simulation is plotted with the expenmental 
response of the bulk phenol concentration (e) and the suspended biomass concentration ( A )  to an incrase 
in the dilution rate fiom 0.025 to 0.059 hm'. 
Biofilm Parameters. 6 and Sf 
The simulation of biofilm thickness during Run 2 is shown in Figure 5.78. Although the phenol loading 
afler the step chanse was 40% hioher than before. there was little response in the biofilm thickness, likely 
because there was little change in the phenol concentration in the reactor during the step change. The final 
neady-state biofilm thickness predicted by the mode1 was slightly lower than the initial steady-state biofilm 
thickness. as a result of the lower dilution rate. 
The simulation of biofilm thickness during Run 3 is shown in Figure 5.79. The mode1 predicted 
that the biofilm thickness would gradually increase within 150 h by 6 pm to a new steady state value. The 
predicted response was greater than that of Run 2, because the step change was larger (13û?/. increax in 
loading). Although there was no biofilm thickness data for this nin, the EPS content of the biofilm doubled 
within 120 h of the step change (in Figure 5.25). The simulation suggens that the biofilm approachs a new 
steady-state thickness at approximately 150 hours. It is possible that the EPS content of the biofilm had not 
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Figure 5.77. Simulation of the bulk phenol concentration (- ) and the suspended biomass 
concentration (- - - - -) for Run 7 using Luong kinetics determined for unacclimated cultures, adjusted to 
include suppression of growth during the shock-load. The simulation is ploned with the experimental 
response of the bulk phenol concentration (e) and the suspended biomass concentration ( A )  to an increase 
in the feed concentration from 192 to 633 mgL in the ICFBR during Run 7. The dilution rate shified 
slightly fiom 0038 to 0.037 h". 
reached steady state when the nin was terminated. 
The formation of proniberances was observed aller the step changes in Runs ? and 3. The mode1 
was deveioped only for smooth, diffusion-only types of biofilms and cannot predict the formation of 
heterogeneous structures. This limitation is not likely to cause dificulties in the model predinions for the 
biofifms in Runs 2 and 3, because the biofilms were very thin and the issues of transport phenornena were 
not as important. This would not have been the case if the biofilms had been thicker. 
A plot of the phenol concentration profile in the biofilm during Run 3 is show in Figure 5.80. 
The length of each Iine in the plot is the predicted biofilm thickness at each time listed during the mn. ïhe 
higher phenol concentrations at ~4 h and r-28 h are a result of the transient in the bulk phenol 
concentration that was predicted by the model (but did not occur during the experiment). As before. the 
flat profiles indicate that the rate of consumption of phenol was reaction-rate-limited rather han diffusion- 
limited. The biofilm in this case was dso initially very thin. Even afler the biofilm grew, as a result of the 
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Figure 5.78. Simulation of the biofilm thickness (- ) during Run 2 using Luong kinetics determined 
for unacclimated cultures, adjusted to include suppression of growth during the shock load. The feed 
concentration was increased 180 to 370 mg/L phenol and the dilution rate changed from 0.0451 to 0.0368 
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Figure 5.79. Simulation of the biofilm thickness (- ) during Run 3 using Luong kinetics detennined 
for unacclimated cultures, adjusted to include suppression of growth during the shock load. The system 
was subjected to an increase in the dilution rate h m  0.025 to 0.059 h". The f d  concentration was 218 
mg/L. 
step change. the phenol concentration profile remained fairly flat. 
The predicted concentration of phenol at the biofilm surface and in the bulk fluid were similar At 
t=4 h. when the predicted phenol concentration in the buik fluid was 16.67 m e .  the phenol concentration 
at the biofilm surface was 16.64 mg&. At r41.5 h, when the biofilm was thicker. the predicted phenol 
concentrations in the bulk fluid and at the biofilm surface were 2.40 and 2.27 rng/L. The concentration 
boundary layer between the bulk fluid and the biofilm surface did not appear to exert a significant influence 
on the predicted results. This is consistent with Figure 2.5 For the case of a thin biofilm that is fblly 
penetrated. This finding puts into the question the need to include the concentration boundary layer in the 
rnodel. This question is examined in the next section. 
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Figure 5.80. Simulated phenol concentration profiles in the biofilm during Run 3 using L u o q  kinetics 
detemined for unacclimated cultures, adjusted to include suppression of growth during the shock load. 
The system was subjected to an increase in the dilution rate 60m 0.025 to 0.059 h-'. 
5.3.3 A Reeramination of the Significaace of  Intemal and Externa1 Mass Tmnsfer 
The predicted phenol concentration profiles within the biofilms werc relativeiy fiat, which indicated that 
intemal diffision was unimportant for the conditions tested. The small predicted differences between the 
phenol concentration in the bulk fluid and in the biofilm, alro indicate that the concentration boundary layer 
was unimportant for the conditions tested. The assumptions of internal and extemal mass transfer 
complicate the model considerably. Thus, the significance of the roies of internal and external mass transfer 
need to be re-examined. 
External mass transfer through a concentration boundary layer, and interna1 diffusion are 
connected through the boundary condition at the interface of the biofilm and the bulk fluid. The 
importance of both processes depends upon the thickness of the biofilm (see Figure 2.5). External mas  
transfer has been neglected in some ICFBR models (Shieh, 1980; Stathis, 1980; Mulcahy et al., 198 1; 
Andrews. G.F., 1982; Park et al., 1984a, b; Worden and Donaldson, 1987; Hermanowicz and Cheng, 1990; 
Coelhoso et al.. 1992); however, its relevance depends upon the biofilm thickness and penetration of the 
substrate. ln sorne modelins studies, the inclusion of external mass transfer resistarice has been found to be 
important (Tang and Fan, 1987; Livingston and Chase, 1989; Tijhuis et al., 1995). with decreases in 
substrate concentration across the concentration boundary layer of up to 54% reponed (Livingston and 
Chase, 1989). 
The biofilms during the mns for which simulations were performed were very thin. The biofilms 
were much thicker in Run 6 (up to 40 pm), but problems with solids accumulation during the run made it 
impossible to fit the rnodel to the steady-state data. The range of operating conditions for which 
experiments were performed did not include steady state conditions above the critical dilution rate (for 
suspended-cell cultures). It is at higher dilution rates or at low particle concentrations that higher biofilm 
thicknesses are more likely to occur. To test the importance of intemal and external mass transtèr for 
higher biofilm thicknesses, a simulation was performed. 
The steady state of a system with a feed concentration of 200 mg& phenol and a dilution rate of 
0.17 h-' was detennined using the steady nate model. The dilution rate was beyond the critical value of 
0.07 h" at which a comparable suspended-cell culture would wash out. The predicted biofilm thickness 
was 14 Pm. The predicted steady-state conditions in the bufk fluid were a phenol concentration of 2.45 
mg/L and a suspended biomass concentration of 104 mg/L. It is interesting that the model predicted that 
suspended cells would be present, considering the dilution rate. The presence of suspended cells, however, 
would be expected at lower concentrations that those observed at D>D'. becaux the suspended cells are 
produced through the detachment process. The presence of suspended cells under high-dilution rate 
conditions has not been reponed (or measured) in the Iiterature (Tang et al.. 1987; Worden and Donaldson, 
1987) and should be investigated. 
The effect of a step increase to a dilution rate of OIS h" was simulated. The predicted response of 
the system is s h o w  in Figure 5 8  1 .  The unsteady-state mode1 predicted a small transient in the phenol 
concentration, and a dip in the suspended biomass concentration. with a recovery to a new steady nate 
within 100 hours The predicted biofilm thickness increased from 14 to 19.4 Pm, as shown in Figure 5.82. 
The appearance of the predicted phenol concentration profile within the biofilm is very different from 
before. as shown in Figure 5.83. The parabolic concentration profile for the initial and final steady nates in 
the simulation suggest that under these conditions, diffusion cannot be neglected. The difference between 
the predicted phenol concentrations in the bulk fluid and the biofilm surface were 2 5  and 2.2 mgL at the 
initial steady-state and 3 3 and 2.9 m a  at the final steady state. While these dimences are not large. they 
reprexnt a 13% difference in concentration. At higher bulk phenol concentrations. possibly during a larger 
shock-load in which there is a larger phenoi transient, the efTect of a concentration boundary layer might be 
more important. 
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Figure 5.81 Simulation of the response in the phenol concentration (-) and the suspended biornass 
concentration (- - - - ) in the ICFBR to a aep change fiom a dilution rate of O 17 to 0.25 h" at a constant 
feed concentration of 200 mgR using the parameter set for Run 7 ( r d 0 2  h"). 
Time (h) 
Figure 5.82 Simulation of the response in the biofilm thickness to a step change from a dilution rate of 
O 17 to 0.25 h" at a constant feed concentration of 200 mg/L using the parameter set for Run 7 (rD=0.02 
h-'). 
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Figure 5.83 Simulation of the henol concentration profile within the biofilm during a nep change from a P dilution rate of 0.17 to 0.25 h' at a constant fegd concentration of 200 mg/L using the parameter set for 
Run 7 ( r d . 0 2  h-'). 
Both intemal and ememal mass transpon processes appear to be a necessary part of the model in 
cases where the biofilrn is moderately thick (2 15 pm). Although only thin biofilms were predicted using 
the unsteady-state model for the conditions tested in the laboratory. thick biofilrns were observed during 
Run 6, which could not be modeted due to experimental difficulties. Interna1 mass tranport limitations 
were important in Run 6 because evidence of sloughing was observed for some of the bioparticles. The 
model predicted that at higher dilution rates, thicker biofilms would be produced. For such biofilms, the 
concentration profiles indicated that difision was important. Thus, the process of dimision should remain 
in the model, despite the complexities that arise in solving the model. 
The case for extemal mass transport (and the parameter k,) is less clear The difference between 
the bulk and surface phenol concentrations was only 12%; however at concentrations of approximately 3 
mg/L phenol. this difference is probably not very important. Under conditions where there are large 
transients, this dinérence may be more significant and may affect the outcome of the success of the mode1 
prediction. Thus, the process of extemal mass transport should remain in the model until its importance 
can be examined experimentally under more demandiny conditions than were tested in this work. The 
added complexity to the model is relatively minor. 
5.3.4 Applications and Limitations of  the Unstcady-state Model 
A~~iications 
The unsteady-state mode! was calibrated for a wide range in the types of response possible for 
such a system. The experiments included low-level response runs in which there was no change in the 
phenol concentration and washout experiments in which the suspended biomass (but not the bioparticles) 
was washed out of the system as the phenol concentration rose above inhibitory levels. Thus, the ability of 
the model to describe a wide variety of responses was tested. Steady-state conditions at dilution rates 
above the critical dilution rate for suspended-ce11 cultures were not tested, and shoufd be included in h u r e  
work dong with shock loads in that region of the solution space. 
The unsteady-nate model was able to simulate the responses of the fCFBRs fairly weII. Although 
it predicted a transient in Run 3 that did not occur. it correctly predicted that the system would reach a new 
steady state. The model also predicted that during washout expenments the biofilm would be eroded as 
detachment exceeded the growth rate. AIthough this was not conftrmed experimentally, the phenomenon 
under other conditions has been reported (van Benthum et al., 1997) 
A key result is chat the model could predict the washout of suspended biomass that occurred 
during two of the shock Ioads This has not been demonstrated previously for ICFBRs in the literature To 
successfùlly predict washout, the model required the inclusion of kinetics developed for unacclimated 
cultures and an adjustment factor that was used to represent growth rate hysteresis. Although others have 
acknowledged that the kinetic parameters for cultures undergoing a shock load might be different than 
those calculated fiorn steady-state values (Rittmann et al., 1992). this is the first application of 
unacclimated kinetics applied to the unsteady-state modeling of shock loads. The adjustment factor that 
was used to model growth rate hysteresis was a fùnction of the phenol concentration in the reactor as the 
response to a shock load progressed relative to the preshock steady-state concentration of phenol. The new 
adjustment factor approach using the same value of k was used for the simulation of every experiment. 
The unsteady-state model can be used to predict the four state variables of the system: the bulk 
phenol and suspended biomass concentrations, the biofilm thickness and the phenol concentration profile 
within the biofilm. Others have show results for substrate concentration only (Tang et al., 1987; Worden 
and Donaldson, 1987). aIthough presumably other variables could have been extracted fiom the 
information produced by the models. 
Limitations 
Although the unsteady-state model was usefùl in simulating the responses of the ICFBRs to a variety of 
step changes, its use is limited in a number of ways. Dilution rates above the critical value (for suspended- 
ceIl cultures) were not tested and the responses of systems with thicker biofilrns were not tested. 
The model is currently Iimited to smooth-types of biofiIms. Heterogeneous bioparticles with 
protuberances were observed as a result of some of the shock-loads, although most of the examples were of 
systems that contained very low particle concentrations. Before the model could be improved in this 
respect, more basic information is needed about predictively modeling the detachment rate and 
understanding the way that detachment and surface loading of substrate interact to determine biofilm 
structure. The formation of heterogeneous structures may be a way that biofilrns behave during transient 
conditions (depending of course on abrasive forces). This is an area that is not yet well understood for 
ICFBR systems. 
Information concerning substrate-depleted regons in the biofilm can be extracted from the model 
output; however, another concern. which is not currently addressed by the model, is oxygen depletion. At 
10°C the solubility of oxygen is relatively high and the substrate uptake rates are relatively low; thus. 
oxygen consumption for the thin biofilms observed during the experiments was not likely to result in 
oxygen-depleted layers within the biofilrn. This is discussed hnher in Appendix F. At higher 
temperatures and higher substrate loadings, oxygen depletion within the biofilm could be a more significant 
concem. Oxygen consumption and diffusion into the biofilm could be added to the kinetics. 
Similarly, the model does not include the diffision of carbon dioxide out of the biofifm. The 'Iift- 
out' phenomenon, in which bioparticles become buoyant and are carried out of the bioreactor, has been 
anributed to the build-up of carbon dioxide bubbles in the biofilm due to the production rate of carbon 
dioxide by bacterial metabolism having becorne greater than its diffision rate out of the biofilm to the bulk 
solution (Krouwel and Kossen, 198 1 ; Patoine, 1 989). This phenomenon was experienced following a feed 
tank mix-up afler Run 3. It is more likely to be a problem at higher substrate loadings and higher biofilrn 
thicknesses. The production rate of carbon dioxide can be calculated stoichiometrically from the rate of 
phenol biodegradation (which is known); however, the form of the carbon dioxide is a function of pH. 
Thus, the formation of hydrogen ions also must be included. The kinetics of phenol degradation are also 
pH sensitive (Patoine. 1989). 
Another problem that was experienced during the experiments was the formation of flocculent 
sofids and the developrnent of granules. Others have reported similar phenomena (Tijhuis et al., 1995; 
Gjaltema et al., 1997b). The steady-state and unsteady-state models are currently limited to conditions 
where the suspended solids leave the systern at the same rate as the effluent. The model also assumes that 
the bioparticles do not leave the system. Partinilady when flocculent solids develop, panicles can become 
entrained in masses of suspended biomass and may be c k e d  out of the system. Gradua1 atnition of 
bioparticles has also been reported in the literanire, although the design of the solids separator was different 
than the ones used in this study (Gjaltema et al., 199%). 
Another limitation of the model is that it was devetoped using a pure culture. Practically 
speaking, it should be modifieci to apply to mixed cultures that would be used in fiill-scale applications. 
This would not simply be a rnatter of altering the kinetics to represent a difTerent group of organisrns. A 
dificulty with mixed-culture ecosystems is the presence of protozoa and other predators of bacteria. 
Flagellates. which were present as a contaminant of the sand, had a devastating impact on the bacterial 
population at the beginning of this research. The impact of predation on the hnctioning and dynamics of 
an ICFBR cannot be overlooked if mixed cultures are used. Modification of the model may require the 
inclusion of a separate balance on predators in order to allow the modei to reflect the impact of predation 
and the changing dynamics of the systern arising from an overgrowth of predators or death due to levels of 
phenol that are toxic to the predators but only growth inhibitory to the bacteria. 
6 Conclusions and Recornmendations 
6.1 Conclusions 
The research consisted of three main goals: 
to gain a better understanding of the yowth and phenol biodegradation kinetics of P. prmh Q5, 
particularly at temperatures between i O-25°C. 
to investigate the response of P. p t i k  Q5 and that of an ICFi3R under shock or variable loading 
conditions of phenol concentration and dilution rate. and 
to develop a practical process model. 
6.1.1 Phenol Biodegradation Kinetics 
Phenol Biodegradation with Acclimated Cultures 
The phenol biodegradation kinetics of P. p t i &  Q5 were evaluated using batch and continuous cultures at 
10, ! 5,20 and W C ,  and a concentration range of 1 to 640 mg/t phenol. In continuous cultures the dilution 
rate was varied from 0.03 1 to 0.23 Y'. depending upon the temperature. 
1 The Haldane model was found to describe the relationship between the phenol concentration and the 
specific growth rate of P. puri& QS quite well; however. the model of Webb (1963) was slightly better 
at 10 and 25°C and the model of Edwards (1970) was slightly better at 15 and 20°C. Practically 
speaking, the modeh were indistinguishable at initial concentrations in batch culture below 200 mg/L 
phenol at the temperatures studied. 
2. The temperature dependence of the specific growth rate, p, was found to be described better by the 
square-root model (Equation 2.30) (Ratkowsky et al., 1982) than the Arrhenius model (Equation 3.23) 
(Arrhenius, 190S), which is more commonly used in the literature. The saturation constant, Ks, 
increasd with increasing temperature and was best describeci by the Arrhenius model (Equation 5.1); 
the temperature characteristic, AH'. was 47.6 W/mol. which is within the range reponed in the 
literature ( M m  et al., 1963; Knowles et al., 1965; Stevens et al., 1989). The inhibition constant, KI, 
was found to increase with increasing temperature, which indicates that the inhibition effect is stronger 
at the lower temperanrres. The square-root model (Equation 5.3) fit the data slightly better than the 
Arrhenius model. The overall temperature-dependent kinetic equation is expresd as- 
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where p is the specific growth rate [h"] and S is the phenol concentration [mg/L]. 
The temperature-dependence of the Haldane model for phenol biodeyradation has not been reported 
previously in the literature. 
3 .  The maintenance coefficient, m, was 3-5 times higher in batch cultures (where S is geater than the 
critical substrate concentration, S* ) than in continuous cultures at 10°C and 25°C Values of observed 
yield were also higher in batch cultures than in continuous cultures for a given specific growth rate. 
The Pin (1965) definition of the maintenance concept (Equation 2.7) would indicate that the same 
observed yield, Yys, would be expected for a gven growth rate, assuming that the maintenance 
coefficient is constant. Thus, the maintenance coefficient cannot be assumed to be constant over a 
wide range of substrate conditions. and Equation 2.7 should be used with caution when applied to 
inhibitory substrates; it should probably be used only for cases where the substrate concentration is less 
than S.. 
4. The yield data varied considerably between experiments; thus, it was not possible to develop a 
quantitative relationship between temperature and the true growth yield, Y,. or the maintenance 
coefficient, m. However, two general conclusions about the trends observed in the parameter estimates 
can be made. First, Ig has been reponed in the literature to be constant with respect to trmperature, the 
results of this study do not disagree. Secondly, the maintenance coefficient deterrnined in the present 
study was found to increase with temperature in both batch and continuous cultures; this trend is 
consistent with prior work (Fieschko and Humphrey. 1983; Heijnen and Roels, 198 1; Mainzer and 
Hempfling, 1976). 
Phenoi Biodegradation with Unacdimated Cultures 
Batch kinetic experiments were performed at 10°C using celis taken from the ICFBR and initial phenol 
concentrations of 25 to 3 15 mgk. 
5 .  The phenol biodegradation kinetics of acclimated cultures difTered fiom the kinetics of cultures that 
have been exposed to the low levels of phenol found in ICFBRs at normal steady-state operating 
conditions (at 10°C in batch cultures). The critical specific growth rates (the maximum observable 
specific gowth rates) of the two cultures were different @*=O09 h" for acclimated cultures and 
p'=0,07 h" for unacclimated cultures) and the specific growth rate decreased much more quickly at 
higher phenol concentrations (.9200 m e )  for the unacclimated cultures. The Haldane mode! did not 
describe the data at the higher phenol concentrations very well. A simplified version of the modei of 
Luong (1987) described the data bener (?=0.78 compared to ?=O 69 for the Haldane (1930) model). 
The resulting expression for unaccli mated phenol biodegradation kinetics at 1 O°C was: 
where S is the phenol concentration [mgR] and p is the specific growth rate [h"] 
6. I .2 ICFBR Performance 
Two lCFBRs were operated at a variety of neady-state conditions with feed concentrations ranging fiom 
180 to 590 mg/L phenol and dilution rates ranging from 0.025 to 0.069 kt. resulting in organic loadings of 
0.15 to 0.50 g phenoVL.d. The phenol concentrations in the feed better represented industrial Ievels than 
those used previously for shock-loading experiments in ICFBRs (Tang et al., 1987; Worden and 
Donaldson, 1987). Periods fiom 3 1 to 80 days were allowed for the biofilm development under steady-state 
conditions. Steady-state biofilm thicknesses ranged fiom 3 to 35 pm, depending upon the organic loading 
and particle concentration ( 1  1-23 g/L). M e r  steady state was reached, the systems were pemrbed with 
step changes in either the feed concentration or the feed rate. The resulting increases in organic loading 
ranged fiom 40 to 500% of the initiai steady-state values. Unsteady-state response of ICFBR systems with 
psychrotrophic organisms at low temperatures has not been investigated previously. 
Bioparticfe Characteristics and Development 
6 High levels of abrasion can hinder biofilm growth. even at moderate gas flow rates ( ~ = 0 . 9  cm/s) and 
rclatively low particle concentrations (18-22 g L ) .  This is particularly tme if the temperature is low 
(eg IO°C). resulting in low growth rates. and if the dilution rate is below because there is increased 
competition for substrate by suspended cells. Particte size did not appear to be a factor in biofilm 
development; this contrasts with the findings of Gjaltema et al. (1997b) who concluded that biofilms 
formed preferentially on srnaller particles due to the lower impact upon colliding with other particles. 
7. Approximately 5-10% of the sand particles did not develop a biofilrn. even when most particles in the 
ICFBR were covered with a fairiy thick biofiIm ( ~ 3 5  lm) The uncovered particles were rnarkedIy 
different in appearance From those that developed biofilms: they were typically smooth, whereas the 
biofilm-coated particles were irregular and rounded. Thus. it can be tentatively concluded that a 
fiaction of the sand remained uncovered because of lack of surface roughness. although surface 
chemistry effects cannot be ruled out. This finding is consistent with other reports (Gjalterna et al., 
1997a). 
8. The extraceliular polymeric substances (EPS) in the biofilm accounted for only 3-5s of the biofilm 
dry weight. This contrasts with other studies in which the EPS was reported to be a significant portion 
of the biofilm (up to 90% as TOC (BaWce et al., 1984)). 
Response of the ICFBRs to Shock Loading 
9 During the various shock-load experiments conducted, two types of responses were noted: low- and 
high-level responses. During low-level responses, there was no response in the bulk phenol 
concentration and the suspended biomass concentration i n c r w d  to a new steady state value. During 
high-level responses, the phenol concentration rapidly increased to levels approaching the feed 
concentration and the suspended biomass washed out; howwer. the bioparticles were retained in the 
system. The experimental work shows clearly that washout of suspended biomass and leakage of 
phenol leading to system failure is possible in an ICFBR system. This has not been previously 
demonstrated in the literature. Factors leading to system failure include: 
thin biofilms which may arise fiom an imbdance in detachment forces and substrate surface 
ioadi ng. 
competition with suspended cells for substrate, 
high feed concentrations which may lead to high concentration transients. and 
relatively large changes in organic loading rate (200-500%). 
Even though bioparticles are retained duting a system failure. the system will not necessarily remver. 
panicularly if the biofilms are thin and the reactor phenol concentration enten into a nrongly 
inhibitory regime (>ZOO mg/L). 
10. In laboratory-scale reactors, where the reactor surface-area-to-volume ratio is low. wall growth can 
significantly alter the response of the system to shock loads, and mus therefore be avoided if the 
results are to be meaninghl. 
I l  Spectrophotometric analysis of the fermentation broth dunng the shock loading experiments indicated 
that compounds other than phenol were present. The observed peaks were suggestive of intermediate 
metabolites from the ortho pathway for phenol biodegradation. which is possessed by P. pirtrda QS. 
hother compound. possibly a yellow-coloured pigment, was also noted. GC-MS analysis confirmed 
that at steady-state conditions, phenol is the only compound present. 
12. Air stripping was calculatecl to be a minor removal mechanism of phenol, even when phenol 
concentrations were above 100 mg/L duting process failure. 
6.1.3 Unsteady-state ICFBR Modcl 
A unique unsteady-state process mode1 was developed and implemented. The mode1 included the 
contribution of suspended cells to the removal of phenol in the reactor, and included ternis for diffisions 
both within the biofilrn and in the diffision boundary layer surrounding each bioparticle as weIl as the 
process of detachment. The model could represent a wide variety of conditions (described above) and a 
wide range of responses - from no response in the reactor phenol concentration to system failure. Unlike 
other models, the model could afso simulate the response of al1 four process variables: the bulk phenol 
concentration, the suspendeci biomass concentration, the concentration profile of the subnraie in the biofilm 
and the biofilm thickness. The solution of the model was simple enough that the model could be used for 
estimation and nonlinear control in the fùture. 
Conclusions Arising from the Unsteady-state Model 
13. The use of kinetics determined using unacclimated cultures was needed to model the response of the 
systern. The use of kinetics determineci using acclimated cultures resulted in simulations that 
incorrectly predicted the recovery of the system to a severe shock load (dilution rate shifl fiom 0.037 to 
0.17 h"). 
14. Growth rate hysteresis was another key concept that was required in the model to represent the 
sensitivity of the system to transient conditions during a shock load. An adjusting factor was expressed 
as a suppression of ceil-growth ihat was proportional to the difference between the bulk phenol 
concentration and the steady-state phenot concentration to which the cells had been acclimated. Thus, 
the growth rate of the suspended cells was expressed as follows: 
P b ( ' )  = k ( s b ( t )  - s b ( " ) ) ~ b . b ( t )  (5.16) 
where the bulk concentration of phenol at time t ,  Sbft). and at the initial steady state value, &(O), are 
expressed in mg/cm3 and the specific growth rate corresponding to S&) assuming balanced growth, 
ph,. is expressed in h - '  The specific growth rate within the biofilm may be expressed similarly. 
The addition of the adjustment factor to account for growth rate hysteresis enabled the model to 
correctly simuiate system failure (ie. washout of the suspended biomass and breakthrough in the 
phenol concentration) for a moderate shock load (dilution rate shift fiom 0.034 to 0.059 h" and a feed 
concentration increase fkom 25 1 to 296 mg/L phenol). Such system failures have not been previously 
demonstrated for ICFBRs. 
15. Simulated phenol concentrations within the biofilm confirmed that for thin biofilms (such as the ones 
that were observed during a number of the experiments perforrned), i n t e d  and extemal m a s  transfer 
resistances were not signifiant. However, simulations of concentration profiles for thicker biofilms 
confirmed that under operating conditions that were outside the ones verified experimentally, internai 
and extemal mass transfer processes are significant and should be included in the model. 
6.2 Recommendations 
Biofilm Development 
The process of developing biofilm-coated particles in an ICFBR reactor that is fed toxic or inhibitory 
compounds is an area that needs ftrther work. With the techniques used in this research and others, it is 
possible to operate for long periods of tirne (eg. 50 days) without developing full coverage of the carrier 
particles, particularly if the initial carrier concentration is high. The high dilution rate approach suggested 
by Tijhuis et al. (1992a) may not be appropriate if the concentration of phenol in the feed stream is 
significantly above the critical substrate concentration. In practice, a reactor cannot operate for any period 
of time at the conditions that were noted in Runs 5 and 8 (ie. at dilution rates above during which the 
phenol concentration in the reactor approached the feed concentration). 
Parameters of importance would include: the suspended ceIl concentration (needed for primary 
biofilm formation but provides competition with biofilm cells for substrate), the carrier concentration, the 
substrate concentration in the reactor, and the reactor hydrodynamics. Startup regimes might include batch, 
fed batch or sequencing batch steps to ailow for high suspended-ceIl concentrations and high phenol 
concentrations, aithough to do so in an ICFBR reactor might require adjustments to the reactor. Another 
approach might involve the gradua1 addition of bare a m e r  particles in order to minimize abrasion so that 
biofilm development might occur at a faster rate. Once the bioparticics are partially covered, the 
detachment rate decreases (Gjaltema et ai., 1997~) .  The steady-state mode1 could be used to predict steady- 
state operating conditions that wouId be conducive to the development of thicker biofilms than were 
observed during this study. 
Kinetics 
Preliminary resuits indicated that suspended cells that are acclimated to very low concentrations of phenol 
are more inhibited by shock loads of phenol than are suspended cells that are acclimatai to high 
concentrations. These results have important rad~cations for our understanding of the dynamic response 
of systems to shock loads of toxic or inhibitory feed streams. Much of the kinetics research reported in the 
literature has been done with acclimated cells. It is an area that shouid be investigated fùrther. 
Biofilm Structure 
The structure of biofilms grown in flow cells and annular reactors has been the subject of a number of 
studies using novel experimental techniques, including the use of microelectrodes. micro-optrodes for 
oxygen, confocal microscopy and rnicrosectioning (de Becr and Muyzer, 1995). The results will likely 
change the way we mode1 and work with biofilms of these types. To date. there is very little understanding 
of the microstructure of biofilms that are subject to the level of abrasion found in ICFBRs. For example, 
the smooth biotilms that were observed during this research may have had a complex network of pores in 
which convective transpoR was occuring, or the biofilms may have been of the diffision-only type. 
Investigations of this type would provide a hndamental understanding of mass transfer eflects and perhaps 
the 'lift  out' phenomenon. 
Intermediate Metabolites 
Despite the large volume of work that has been done in the last 20 years to understand phenol 
biodegradation kinetics, there is very little information about the excretion of substances into the medium 
during the dynamic response of systems to shock loads. It would be usehl to identiQ these compounds 
(some are likely intermediate metabolites), and to determine the extent to which these compounds have an 
effect on the dynamic response of systems. For example, these compounds rnay repress certain metabolic 
pathways. 
Lift-out Phenomenon 
Lift-out of bioparticles has been reponed previously for both lab-scale (Patoine, 1989) and &Il-scale 
(Tijhuis et al., 1996) ICFBRs. The mode1 could be modified to include the formation of carbon dioxide gas 
bubbles so that potential probiems with lie-out cuuld be predicted. 
Predators / Microbial Ecosystems 
During the initial part of this research, problems were experienced with a flagellate which was a 
contaminant in the sand used as the carrier. The ability of the flagellate to decimate the population of 
bacteria in the reactor highlighted the importance of investigating mixed culture/complex ecosystem types 
of biofilrn reactors (rather than simply pure cultures) and perhaps eventually incorporaûng the findings into 
models. Nevertheless, pure culture studies are still valuable because they enable irnponant features of the 
response of systems to be interpreted. 
NOMENCLATURE 
interfacial area per unit liquid volume. [m.'] 
curvature factor in Equation 5 1 1. [mg/cm5] 
interfacial area per liquid volume of the biofilm [m"] 
Arrhenius hequency factor, [h"] 
surface area of the bioparticle. [cm2] 
enzyme activity, units not Iisted in original paper 
maximum enzyme activity, units not listed in original paper 
Arrhenius fiequency factor related to Kt, [mg/L] 
Arrhenius frequency factor related to Ks, [mg/L] 
regession coeficient in square-root temperature relationships, [IC1h-' '1 
constant in Equation 5 1 1. [mgkm4] 
regression coefficient in square-root relationship for Ki. ~'(mg/L) '" ]  
regression coefficient in square-root relationship for Ks, ~-;"(rn@L)" '1 
Bond number, ~o=g.d.'p( o 
dimensionless constants in Equation 2.64 
regression coefficient in square-rwt temperature relationships, [K"] 
heat capacity, [JI&] 
constant in Equation 5.1 1, [mg/cm3] 
concentration of component C in a biofilm, [ g L ]  
concentration of component C in the aqueous phase, [mg/L] 
dissolved oxygen concentration, @LI 
equilibrium concentration of dissolved oxygen in water, [g/L] 
buik dissolved oxygen concentration, [g/L] 
concentration of dissolved oxygen at biofilm d a c e ,  [S/L] 
particle concentration h the reactor, Cg/L] 














F o  
Fr 
bioparticle ferret diameter. [cm] 
diameter of column, [ml 
internal diameter of the downcomer section in the ICFBR [cm] 
bare particle diameter, [cm] 
specific sudace diameter. [m'] 
screen diameter. [cm] 
equivolume sphere diameter. [m2] 
internal diameter of the riser section in the ICFBR, [cm] 
internal diameter of the top of the riser section in the ICFBR, [cm] 
dilution rate, D -Q TL, [ha'] 
effective diffisivity in the biofilm, [crn2/s] 
relative effective dihsivity in the biofilm (as compared to that of the 
component in water) 
diffisivity in biotilm of component i, [cm2h] 
difisivity in water of component i, [cm2/s] 
diffisivity in the liquid. [cm2/sj 
difisivity of oxygen in water, [cm2/s] 
diftùsivity of substrate in the biofilm, [cm2/s] 
diffisivity of the aibnrate in water. [cm'ls] 
dilute basai saits medium 
total enzyme concentration, [moüL] 
fraction of active bacteria in the biofilm 
ratio of dry weight to wet ce11 weight, DWIQ wet weight] 
inactive fiaction in the biofilm 
hction of inactive bacteria in the biofilm 
function expressions for the unsteady-state mode1 (Equations 5.12-5.15) 
lumped terni in Appendix G, Fo = (k pc,,)( f r;) 
Froude number, FFUG (g&' -' 
gravitational acceleration [m/s2] 
Galileo number. Go -RdC'îi' uL2 
Plank's constant, [J/s] 
height of colurnn [ml 
Henry's Law constant. [atmUmol] 
Arrhenius temperature characteristic. [Jlrnol] 
Arrhenius temperature characteristic relating to KI, [J/mol] 
Arrhenius temperature characteristic relating to Ks. [J/molj 
efithalpy of activation, [Jlrnol] 
flux of phenol, [g/cm2. h] 
heat transfer coefficient, w/rnKJ 
ernpirical constants with dimensions consistent with equations in which they are 
found 
endogenous decay coefficient, [h"] 
liquid-biofilm mass transfer coefficient for oxygen [ d h ]  
growth associateci product formation coefficient, & produdg biomass] 
non-growth associatecl product formation coefficient, [g produdg biomass. h] 
liquid-biofilm mass transfer coeficiem for subsuate, [cds]  
ernpirical constants with dimensions consistent with equations in which they are 
found 
Boltzmann's constan5 [J/molecule.K] 
Haldane inhibition constant, [g/L] 
overall gas-liquid mass transfer coefficien~ [h"] 
Monod constanf [g/L] 
thickness of liquid-to-biofilm difision boundary layer, [cm] 
biofilm thickness, [cm] 
subsbate maintenance coefficient, w g h ]  
m a s  of biofilm on a single particle, h] 
mass of one particle, J 
mass of particles in system, h] 
molar mas. [g/mol] 
masses in biotilm dry weight procedure, [g] 
number of bioparticles in a sample for image analysis 
number of bare particles in a reference sample 
number of active bacteria 
number of bacteria 
total number of particles in the reactor at any given time 
total number of panicles added to the reactot initially 
number of particles in a sarnple 
mass of sand added to an ICFBR reactor, [g] 
total pressure in ICFBR [atm] 
specific rate of product formation, 
spedïc rate of substrate uptake, [gh]  
f e d  rate, w] 
air sparging rate, [Ud] 
radial position within biofilm, [cm] 
rate of endogenous decay, [g/L.hj 
specific rate of detachment, [h"] 
radial position at biofiIm surface, [cm] 
rate of ceII maintenance, [g/L h] 
radial position at particle surface, [cm] 
rate of product formatio~ [g/L. h J 
rate of nibsuate uptake, [g/L. hl 
rate of stripping, [moVL*d] 
rate of celt growth, m-hl 
gas constant, [J/mol-K] 
rate of adhesion of cells to biofilm, [y DWlLeh] 
rate ofbiofilm detachment, [g DWIL-hl 
Reynolds nurnber. Re - h p L  VL 
particle Reynolds number, Rcc, - dpu pL 
Reynolds nurnber at the wall, Re, -d#pL p~ 
reaction term for consumption of substrate. [& h] 
substrate concentration, [a] 
wbstrate concentration when p - p'. [gn] 
substrate concentration in the bulk liquid, [gL] 
substrate concentration in the bulk liquid. [rnoLfL] 
deviation variable, emuent substrate concentration, s = .Y-S, [g/L] 
Schmidt nurnber, Sc=v DL 
subsvate concentration within biofilm, Eg/L] 
Sherwood number, Skkd, DL 
bacteriostatic substrate concentration, [g/L] 
substrate concentration in the feed, [g/L] 
substrate concentration at biofilm Wace, [g/LJ 
steady-state phenol concentration, [a] 
specific surface area, [cm21g] 
entropy of activation, [JImoI] 
entropy of activation corresponding to high-temperature enzyme inactivation. 
[J/rnol] 
entropy of activation corresponding to low-temperature enzyme inactivation, 
[Jlmol] 
time, [hl 
characteristic t h e ,  f=r r 
Student's t statistic with a tail area probability of 10% 
T,," 
temperature at which controlling enzyme is half active due to hi@ temperature 
inactivatioq 
temperature at which controlling enzyme is half active due to low temperature 
inactivation, [KI 
initial temperature, [ O C ]  
maximum temperature for growth. I(] 
minimum temperature for growth, p] 
characteristic temperature, ["Cl 
ctiaracteristic temperature relating to Kl, in the square-rwt mode1 [ O C ]  
characteristic temperature relating to A;; in the square-rwt mode1 [ O C ]  
optimum temperature for gowth, w] 
surface temperature, m] 
effective temperature, w) 
change in temperature, 
superficial velocity of the fluid, [ d s ]  
gas superficial velocity, [ d s ]  
gas superficial velocity in the riser section, [mk] 
hindered settIing velocity, [mk] 
terminal settling velocity for a particle in stagnant fluid, [m/s] 
average turbulence intensit y, [ d s ]  
root mean squared velocity, [ d s j  
volume of sparged fluid, [Lj 
volume of a biopmicle. [cm3] 
volume of one cell. [cm3] 
volume of liquid in the reactor, &] 
molar volume of a substance at nomial boiling poim [cm3/mol] 
reactor liquid volume, IL] 




concentration of viable cells, w] 
biofilm concentration on a sand basis, [g DW/g sand) 
biofilrn biomass concentration in reactor. [g DWL] 
suspended biornass concentration in the reactor, [g DWL] 
suspended biomass concentration in the feed aream, [g DWIL] 
tnie growth yieId coefficient. [g DW/ g substrate] 
product yield coefficient based on substrate consumed, [g produd g substrate 1 
observed gowth yield coefficient, [g DW/ g substrate] 
growth yiefd coefficient on oxygen. [g DW/ g oxygen] 
time constant. [h"] 
biofilm thickness, [cm] 
porosity of expandeci bed 
~ p r n f i c  energy dissipation, [m'/s3] 
gas phase holdup 
gas phase holdup in the downcomer 
gas phase holdup in the riser 
liquid phase holdup 





Carman ' s surface factor (a, = 6. ppS,,dp ) 
solids fraction in the suspension 
hydraulic mention tirne, [hl 
lumped term variabte in the unsteady-state model defined in Equation A-35 
specific growth rate. [KI] 
specific growth rate - deviation variable. [h"] 
maximum observable specific gowth me. [h"] 
specific growth rate in bulk liquid, [h'l] 
specific growth rate in the biotilm (at a given radial distance). [h"] 
viscosity of a liquid. [cP] 
Monod maumum specific growth rate. [ ï ' ]  
Haldane maximum specific growth rate, [KI] 
predicted specific growth rate at neady state. [h"] 
viscosity of water, [mfa] 
kinematic viscosity, r-,u, p. [g/cmLs] 
wet density of biofilm [g/cm3 wet biofilrn] 
dmsity of a cell, wcm'] 
biofilm dry density. le D W / C ~ '  wet volume] 
densiry of a liquid, wcrn3] 
particle density, [g/cm3] 
surface tension (in KLa comlations), [g/s2] 
time constant (depending on context). [hl 
shear stress, F a ]  
shear stress at the wall, Pa]  
REFERENCES 
Adair, C., D C. Kilsby and P. T. Whittal (1989) Comparison of the Schoolfield (non-linear Arrhenius) 
model and the square root model for predicting bacterial growth in Foods. Food Microbiol. @, 7- 18. 
Aiba S., S. Nagai, Y Nishizawa and M. Onodera (1967) Energetic and nucleic analyses of a chernostatic 
culture of ..i:o/ohac~er vtnrlarur'ii J Gen. Appl. Microbiol. 13, 73-83, 
Aiba, S.. M. Shoda and M. Nagalani (1968) Kinetics of product inhibition in alcohol fermentation. 
Biotechnol. Bioeng. 10, 815-864. 
Allsop, P J. (1989) The Dvnamics of Aerobic Phenol Dearadation. Ph.D. Thesis, University of Waterloo. 
Waterloo, ON. 
Allsop, P. J., Y. Chisti, M. Moo-Young and G. R. Sullivan (1993) ûynamics of phenol degradation by 
P.serrdomona.rpitida. BiotechnoI. Bioeng. 41, 572-580. 
Andrews, G. F. ( 1982) Fluidized-bed fermenters: A steady-state analysis. Biotechnol. Bioeng. 24, 20 I3- 
2030. 
Andrews, J. F. (1968) A mathematical model for the continuous culture of microorganisms utilizing 
inhibitory substrates. Biotechnol. Bioeng. 10, 707-733. 
Applegate, D. H. and J .  D. Bryers (1991) Effects of carbon and oxygen limitations and calcium 
concentrations on biofilm removal processes. Biotechnol. Bioeng. 37, 17-25. 
Arrhenius, S (1908) Immunochernie. Ergebn. Physiol. 1,480-55 1 
Arters, D. C. and L.-S. Fan (1986) Solid-liquid mass transfer in a gas-liquid-solid tluidized bed. Chem. 
Eng. Sci. 41, 107- 1 1 5. 
Arvin. E. and P. Harremoes (1990) Concepts and models for biofilm reactor performance. Wat. Sci. 
Technol. 22, 171-192 
Arvin, E., B. K. Jensen and A. T. Gundersen (1991) Biodegradation kinetics of phenols in an aerobic 
biofilm at low concentration. Wat. Sci. Technol. 23, 1375. 
Baier, R. E. (1975) Applied chemistry at protein interfaces. In A ~ ~ l i e d  Chemistry at Protein Interfaces, R. 
E. Baier, ed., pp. 59- 1 CM, American Chernical Society, Washington. DC. 
Baier. R E. (1980) Substrats influences on adhesion of microorganisms and their resultant new surface 
properties. In Adsorption of Microornanisms to Surfaces, G. Bitton and K. C. Marshall, ed.. pp. 1-25, John 
Wiley & Sons, New York. 
Baier, R. E. and L. Weiss (1975) Demonstrations of the involvement of adsorbed proteins in ce11 adhesion 
and ceII growth on solid surfaces. In A ~ ~ l i e d  Chemistry at Protein Interfaces,Vol 145, R. E. Baier. ed., pp. 
300-307, American Chernical Society, Washington, DC. 
Bajpai. P and A. Margaritis (1987) The effect of temperature and pH on ethanol production by free and 
immobilized cells of Kluywromyces rnumamrs gown on lerusalem artichoke extract. Biotechnol. Bioeng. 
30,306-3 13. - 
Bakke, R (1983) Dynamics of Biofilm Processes: Substrate Load Variations. Masers Thesis. Montana 
State University. Bozernan, MT. 
Bakke, R.. M. G. Trulear, J. A. Robinson and W. G. Characklis (1984) Activity of Psetrdornonas 
uemginos4 in biofilrns: Steady state. Biotechnol. Bioeng. 26, 14 18-1424. 
Begovich J. M. and J. S. Watson (1978) Hydrodynamic characteristics of three-phase fluidized beds. in 
Fluidization, I, F. Davidson and D. L. Keairns, ed., p. 190, Cambridge University Press, Cambridge. 
Bello, R. A.. C. W. Robinson and M. MoeYoung (1985) Gas holdup and overall volurnetric oxygen 
transfer coefficient in airlifl contactors Biotechnol. Bioeng. 27, 369-381 
Beltrame, P.. P. L. Beltrame and P. Carniti (1984) Influence of feed concentration on the kinetics of 
biodegradation of phenol in a continuous stirred reactor. Wat. Res. i8, 403-407. 
Benefield, L. and F. Molz (1983) A kinetic mode1 for the activated sludge process which considers 
difision and reaction in the rnicrobial floc. Biotechnol. Bioeng 3, 259 1 -26 15 
Benefield, L. and F Molz (1985) Mathematical simulation of a biofilm process. Biotechnol. Bioeng. 3, 
92 1-93 1 
Beyenal, H.. S. Seker. A. Tanyola: and B. Salih ( 1997) Diffision coefficients of phenol and oxygen in a 
biofilm ofPseudomorlaspitrda. AiChE J. 43, 242-250. 
Bird, R. B., W E. Stewart and E. N. Lightfoot (1960) Transuort Phenornena, p. 593, John Wiley & Sons. 
New York. 
Bishop, P. L., J .  T Gibbs and B. E. Cunningham (1997) Relationship between concentration and 
hydrodynamic boundary layers over biofilms. Environ. Technol. i8, 375-386. 
Bishop, P L., T. C. Zhang and Y.-C. Fu (1995) Effects of biofilm structure, rnicrobial distributions and 
mass transport on biodegradation processes. Wat. Sci. Technol. 31, 143-1 52. 
Blackwell, L. G. (1971) A Theoretical and Exserimental Evaluation of the Transient Res~onse of the 
Activated Slud~e Drocess. PhD Thesis, CIemson University, Clernson. SC. 
Box, G. E. P.. W. G. Hunter and J.  S. Hunter (1978) Statistics for Exnerimenters An Introduction to 
Desian. Data Analvsis, and Model Buildinq, John Wiley & Sons, Toronto. 
Brocklehurst. T. F. and B. M. Lund (1981 ) Properties of Pseudomonads causing spoilage of vegetables 
stored at iow temperature. J. Appl. Bacterioi. s, 259-266. 
Brown, C. M. and A. H. Rose (1969) Effects of temperature on composition and cell volume of Cadi& 
urilis. J. Bacteriol. 97, 26 1-272. 
Bryers, J. D. and W. G. Characklis (1982) Processes governing primary biofilm formation. Biotechnal. 
Bioeng. 24,245 1-2476. 
Buchanan, R. L and L -4. Klawitter (1992) The effect of incubation temperature. initial pH and sodium 
chioride on the growth hnetics of bcherrchia col1 01 57:H7 Food Microbiol. 9, 185- 196. 
Bunon, D. and K. Ravishankar (1989) Treatment of Hazardous Petrochemical and Petroleum Wastes - 
Current. New and Emeraine TechnoIoaies, Noyes Publications, Park Ridge, NJ. 
Campbell. A. (1957) Synchronization of cell division. Bact. Rev. 21,263-269. 
Canillac, N., M. T. Pommier and A. M. Gounot (1982) Effet de la température d'incubation sur la 
composition lipidique de Corynebacteriacees du genre Arthrobacter. Cm. J. Microbiol. 28,284390. 
Carter, J .  L. and W. F. Barry (1975) Effects of shock temperature on biologicd systems. J. Environ. Div. 
ASCE loi, 229-243. 
Chang, H. T., B. E. Rinmann, D. Amar, R Heim, O. Ehlinger and Y. Lesty (1 99 1 ) Biofilm detrichment 
rnechanisrns in a liquid-fluidized bed. Biotechnol. Bioeng. 38, 499-506. 
Characklis, W. G. (1990) Biofilm processes. In Ecolomcal and Auplieci Microbiolow: Biofilms, W. G. 
Characklis and K. C. Marshall, ed., pp. 195-23 1, Wiley, New York. 
Characklis, W G. and B. E. Christensen (1990) Physical and chemical properties of biofilms. In Ecoloaical 
and A ~ ~ l i e d  Microbiolortv. Biofilms, W G. Characklis and K. C Marshall, ed., pp. 93-130. John Wiley & 
Sons. New York. 
Chase. L. M. (1977) A dynamic kinetic model of the activated sludge process. Biotechnol. Bioeng, i9, 
143 1-1447 
Cheng, Y -W. and S. W. Hermanowicz (1990) Hydrodynamic characteristics of particles in biological 
fluidized beds. In Environmental Enaineerin~ - Proceedinns of the 1990 S~ecialtv Conference. Adintaon, 
Vir~inia Julv 8- 1 1 ,  C.  R. O'Melia. ed.. pp. 4-9. ASCE, New York. 
Chi. C. T. and J .  A. Howell (1976) Transient behavior of a continuous stirred tank biological reactor 
utilizing phenol as an inhibitory substrate. Biotechnol. Bioeng. i8, 63-80. 
Chiam, H. F. and 1. J. Harris (1983) Application of a noninhibitory growth model to predict the transient 
response in a chemostat. Biotechnol. Bioeng. 3, t 6 13- 1623. 
Chisti, M. Y. and M. Moo-Young ( 1987) Airlift reactors: Characteristics, applications and design 
considerations. Chern. Eng. Commun. 60, 195-242. 
Chohji, T., T Sawada and S. Kuno (1976) Macromolecule synthesis in ficherrchia coli BB under various 
growth conditions. Appl. Environ. Microbiol. 2, 864-869. 
Chohji, T., T. Sawada and S. Kuno (1983) Effects of temperature shift on growth rate of Eschenchra coli 
BB at lower glucose concentration. Biotechnol. Bioeng. 25, 299 1-3003. 
Christiansen, I. A. and P. W. Spraker (1982) Irnproving effluent quality of petrochernical wastewaters with 
mutant bacterial cultures. In Proceedings of the 3ïth Industrial Waste Conference. Purdue University - 
1982, J. M. Bell. ed., pp. 567-576, Ann Arbor Science, Ann Arbor, MI. 
Clarkson, W. W., C.-P. Yang and A. R. Harker (1993) 2,4D degradation in monoculture biofilm reactors. 
Wat. Res. 27, 1275- 1284. 
Coelhoso, I., K. Boaventura and A. Rodrigues (1992) Biofilm reactors: An expenmental and modeling 
study of wastewater denitrification in fluidized-bed reactors of activated carbon particles. Biotechnol. 
Bioeng. 40,625-633 
Cooney, C. L. and D. 1. C. Wang (1976) Transient response of Enterobacter aerogencrs under a duaI 
nutrient limitation in a chernostat. Biotechnol. Bioeng. i8, 189-i98. 
D'Adamo. P. D., A. F. Rozich and A. F. J. Gaudy (1 984) Analysis of growth data with inhibi to~ carbon 
sources. Biotechnol. Bioeng. 36, 397-403. 
Daigger. G. T. and C. P. L. J. Grady (1982a) An assessment of the role of physiological adaptation in the 
transient response of bactenal cultures. Biotechnol. Bioeng. 24, 1427- 1444. 
Daigger, Cr. T. and C. P L. J. Grady (1982b) The dynamics of microbial growth on soluble substrates: A 
unifying theory. Wat. Res. 16,365-382. 
de B e r ,  D. and G. Muyzer (1995) Multispecies biofilms: Report From the discussion session. Wat. Sci. 
Technol. 32, 269-270 
de Beer, D. and P. Stoodley (1995) Relation between the stnicnire of an aerobic biofilm and transport 
phenomena. Wat. Sci. Technol. 32, 1 1-18. 
de Beer, D., P. Stoodley and 2. Lewandowski (1994a) Liquid flow in heterogeneous biofilms. Biotechnol. 
Bioeng. 44,636-64 1. 
de Beer, D., P. Stwdey, F. Roe and Z. Lewandowski (1994b) Effects of biofilm strucnires on oxygen 
distribution and mass transport. Biotechnol. Bioeng. 43, 1 13 1 - 1 138. 
de Mendonca, M. M., J .  Silverstein and N E. J .  Cook (1992) Short and long-term responses to changes in 
hydraulic loading in a fixed denitrifying biofilm. Wat. Sci. Technol. 26, 535-544. 
Denac, M., S. Uzman, H. Tanaka and 1. J .  Dunn ( 1983) Modeling of experiments on biofilm penetration 
effects in a fluidized bed nitrification reactor. Biotechnol. Bioeng. 3, 184 1 - 186 1 
Donaldson, T. L.,  G. W. Strandberg, J Hewitt, G. S. Shields and R. M. Worden (1987) Biooxidation of 
coal gasification wastewaters using fluidized-bed bioreactors. Environ. Prog. 6. 205-2 1 1 
Donovan. R. S.. C. W. Robinson and B. R. Glick (1995) An inexpensive system to provide sparged aeration 
to shake flask cultures. Biotechnol. Tech. 9, 665-670. 
Duddridge, J .  E., C. A, Kent and J. F. Laws (1982) ERect of surface shear stress on the anachment of 
Pserrdomotwsfluore.~cer~ to stainIess steel under defined flow conditions. Biotechnol. Bioeng. 24, 153- 
164. 
Eckenfelder. W. W. and A. J. Englande (1970) Temperature effeas on biological waste treatment 
processes. In Internaticnal Svm~osium on Water Pollution Control in Cold Climates held at the University 
of Alaska Julv 22-24, R. S. Murphy, D. Nuquist and P. W. Neff, ed., pp. 180-190, U.S. Environmental 
Protection Agency, Washington, DC. 
Edwwds, V. H. (1970) The influence of high substrate concentrations on microbial kinetics. Biotechnol. 
Bioeng. 17,679-712 
Eismann F., P. Kuschk and U. Stottmeister (1994) Temperature dependence of phenol degradation at 
various substrate concentrations by a sediment population fiom a lignite processing deposit under 
methanogenic conditions. Poster presented at the International Symposium/Workshop on Environmental 
Biotechnology, July 4-8, Waterloo, Canada. 
Elmaleh, S. (1990) Rule of thumb modeliing of biofilm reactors. Wat. Sci. Technol. 22, 405-418 
Esener. A. A., J. A. Roels and N. W. F. Kossen (1981) The influence of temperature on the maximum 
specific growth rate of Klebsielfa pneumorrrae. Biotechnol. Bioeng. 23, 140 1 - 1405. 
Esener, A. A., J. A. Roels and N. W. F. Kossen (1983) The influence of temperature on the energetics of 
KIebsiellapneumoniar. Biotechnol. Bioeng. 2, 2093-2098. 
Etzensperger, M., S. Thoma, S. Petrozzi and 1. J. DUM (1989) Phenol degradation in a the-phase biofilm 
fiuidized sand bed reactor. Bioprocess Eng. 4, 1 75- 18 1. 
Eyring, H. and D. W. Urry (1965) Thermodynamics and chemical kinetics. in Theoretical and 
Mathematical B i o l o ~ ,  T. H. Waterman and H. J. Morowiu, ed., pp. 57-95, BaisdeIl Publishing Co., New 
York. 
Fan. L.-S., S.-J. Hwang and A. Matsuura (1984) Hydrodynamic behaviour of a drafl tube gas-liquid-solid 
spouted bed. Chem. Eng. Sci. 39, 1677-1688. 
Fan, L.-S., R. Leyva-Ramos, K. D. Wisecarver and B. J. Zehner (1990) Diffision of phenol through a 
biofilm grown on activated carbon particles in a draft-tube three-phase fluidized-bed bioreactor. 
Biotechnol. Bioeng. 35, 279-286. 
Famer, 1. S. and C. W. Jones (1976) The effect of temperature on molar growth yield and maintenance 
requirement of ficherichia coli during aerobic growth in continuous culture. FEBS Lett. 67,359-363. 
Feist. C. F. and G. D. Hegeman (1969) Phenol and benzoate metabolism by Pseudomonar purida: 
Regulation of tangentid pathways. J. Bacteriol. 100, 869-877. 
Fieschko, J. and A. E. Humphrey (1983) Eflfects of temperature and ethanol concentration on the 
maintenance and yield coeficient of Zymomonus mobilis. Biotechnol. Bioeng, 25, 1655- 1660. 
Fletcher. M. (1976) The effects of proteins on bacterial attachment to polystyrene. J .  Gen. Microbiol. 94, 
300-504. 
Fletcher. M. (1977) The effects of culture concentration and age, time. and temperature on bacterial 
attachment to poiystyrene. Can. J .  iMicrobiol. 23, 
Fletcher, M. and G. 1. Loeb ( 1979) Influence of substratum characteristics on the attachment of a marine 
pseudomonad to solid surfaces. Appl. Environ. Microbiol 37, 67-72. 
Fletcher, M. and K. C Marshall ( 1982) Bubble contact angle method for evaluating substratum interfacial 
characteristics and its relevance to bacteriaf attachment. Appl. Environ. MicrobioI. 9, 184- 192 
Folsom, B. R.. P J .  Chapman and P H. Pritchard (1990) Phenol and trichloroethylene degadation by 
P.~eudomorzas cepacia G4: Kinctics and interactions between substrates. Appl. Environ. Microbiol. 56, 
1279- 1285. 
Fowler. H. W. and A. J. McKay (1980) The rneasurement of microbial adhesion. In Microbial Adhesion to 
Surfaces, I. M. Lynch. S. MelIing. P. R. Ratter and B. Vincent, ed.. pp. 143, Ellis Horwood. Chichester 
Friedman, M. M. and H. van Doesburg (1980) Evaluation of temperature effects in aerated biotreaters. In 
AiChE Svm~osiurn Series - 209. Vol. 77, G F Bennett, ed., pp. I 12- 12 1, American Institute of Chemical 
Enginers, New York. 
Fujie, K., W. -T. Tang, T. -R. Long, L. -S. Fan ( 1979) unpublished results, Ohio State University 
Gadani, V., P. Villon, 1. Manem and B. Rittmann (1993) .4 new method to solve a non-steady-nate 
multispecies biofiim mode[. Bull. Math. Biol. 55, 103% 106 1. 
Galil, N., M. Rebhun and Y. Brayer (1988) Disturbances and inhibition in biological treatment of 
wastewater fiom an integrated refinery. Wat. Sci. Technol. 3, 2 1-29. 
Gantzer. C. J. (1989) Inhibitory substrate utilization by steady-state biofilms. 1 Environ. Eng. 115, 302- 
3 19. 
Garcia Sanchez, J. L., B. Kamp, K. A. Onysko, H. M. Budman and C. W. Robinson (1998) Double 
inhibition mode1 for degradation of phenol by Pseudumoriaspri& Q5. Biotechnol. Bioeng. 60, 560-567. 
Gamdo, J. M.. W. A. J. van Benthurn. M. C. M. van Loosdrecht and J. 1. Heijnen (1997) Influence of 
dissolved oxygen concnetration on nitrite accumulation in a biofilm airiifi suspension reactor. Biotechnol. 
Bioeng. 53, 168-1 78. 
Gaspilla, P.-A 0. and S. Goto (1991) Mass transfer in bubble slurry column with static mixer in drafi tube. 
J. Chem. Eng. Japan 24,680-682. 
Gaudy, A. F. J. (1975) The transient respose to pH and temperature shock loading of fermentation systems. 
Biotechnol. Bioeng. 17, 105 1- 1064. 
Georse, T. K. and A. F. J. Gaudy (1973) Transient response o f  continuously cultured heterogeneous 
populations to changes in temperature. Appl. Microbiol. 26, 796-803. 
Gilley. J. W. and H. R. Bungay (1968) Frequency response analysis of dilution rate effects on yeast growth. 
Biotechnol. Bioeng. 10, 99- 103. 
Gjaltema, A., P. A. M. Arts, M. C. M. van Loosdrecht, I. G. Kuenen and J. J. Heijnen (1994) Heterogeneity 
of biofilms in rotating annular reactors: Occurence, structure and consequences. Biotechnol. Bioeng. 44, 
1 94-204. 
Gjaltema, A., L. Tijhuis, M. C. M. van Loosdrecht and J. I. Heijnen (1995) Detachment of biomass ffom 
suspended nongrowing spherical biofilms in airlit? reactors. Biotechnol. Bioeng. 46, 258-269. 
Gjaltema A.. N van der Marel, M. C. M. van Loosdrecht and J .  J Heijnen (1997a) Adhesion and biofilm 
development on suspended carriers in airlifl reactors: Hydrodynamic conditions versus surface 
characteristics. Biotechnol. Bioeng. 55,  880-889 
Gjaltema A.. M. C. M. van Loosdrecht and J .  J. Heijnen (199%) Abrasion of suspended biofilm pellets in 
airlifl reactors. Effect of particle size. Biotechnol. Bioeng. B. 206-2 15 
Gjaltema, A.. I. L. Vinke, M. C. M. van Loosedrecht and J.  i Hejjnen (1997~) Abrasion of suspended 
biofilm pellets in airlifl reactors: Importance of shape, structure and particle concentrations. Biotechnol. 
Bioeng. 53, 88-89. 
Godbole, S. P , A. Schumpe and Y .  T. Shah (1983) Hydrodynamics and mass transfer in bubble columns: 
Effect of solids. Chem. Eng. Commun 24, 255-258. 
Goto, S., Y Matsumoto and P. Gaspillo (1989) Mass transfer and reaction in bubble colurnn s l u q  reactor 
with drafl tube. Chem. Eng. Commun. 85, 18 1 - 19 1. 
Gounot. A. -M. ( 199 1 ) Bacterial li fe at iow temperature: physiological aspects and biotechnological 
implications. J Appl. Bacteriol. 3, 386-397. 
Grady, C. P. L. J .  and H. C. Lim ( 1980) Bioloaical Wastewater Treatment - Theorv and Applications, 
Marcel Dekker, New York. 
Haldane, J .  B. S. ( 1930) Enqmes, Longmans, Green and Co., Ltd.. London. 
Han, K. and 0. Levenspiel (1988) Extended monod kinetics for substrate. product and cell inhibition. 
Biotechnol. Bioeng. 32, 430-437. 
Harremoës, P., 1 Jansen and G. H. Kristensen (1980) Practical problems related to nitrogen bubble 
formation in fixed film reactors. Prog. Wat. Technol. 12,253-270. 
Harvey, R. 1. (1970) Metabolic regulation in glucose limited chernostat cultures of ficherichia coli. J .  
Bacteriol. 104, 698-706. 
Hayduk, W. and H. Laudie ( 1974) Prediction of diffision coefficients for nonelectrolytes in dilutc aqueous 
solutions. A I C E  J. 20, 61 1-6 15. 
Heijnen, J. j., A. Mulder, R. Weltewde. P. H. Hols and H. L. J .  M. Leeuwen (1990) Large-scale 
anaerobidaerobic treatment of comp1ex industrial wastewater using immobilized biomass in fluidized bed 
and air-lifi suspension reactors. Chem. Eng. Technol. 1$, 202-208. 
Heijnen, J. J. and J. A. Roels (1981) A macroscopic mode1 describing yield and maintenance relationships 
in aerobic fermentation processes. Biotechnol. Bioeng. a, 739-763. 
Heijnen J. J., M. C. M. van Loosdrecht, A. Mulder and L. Tijhuis (1992) Formation of bioiflms in a 
biofilm air-lifi suspension reactor. Wat. Sci. Technol. 3, 447-654. 
Heipieper, H.-J., H. Keweloh and H . 4 .  Rehm (1991) Influence of phenols on growth and membrane 
permeability of fiee and immobilized Escherrchra col[. Appl. Environ. Microbiol. 57, 1213-121 7. 
Heipieper. H.-J., H. Keweloh and J. H. Rehm (1990) Influence of phenols on the membrane permeability of 
free and imrnobilized bacteria. In Lectures held at the 8'h DECHEMA Annual Meetinp of 
B h O ,  D. Behrens and P. -mer, ed., pp. 641-644, DECHEMA Deutsche 
Gesellschafi tur Chemisches Apparatewesen, New York. 
Heitzer, A., H-P. E. KoMer, P. Reichen and G. Hamer (1991) Utility of phenomenological models for 
describing temperature dependence of bacterial growth. Appl. Environ. Microbiol. 57, 2656-2665. 
Herbert, R. A. (1986) The ecology and physiology of psychrophilic microorganisms. In Microbes in 
Extreme Environmems, R A. Herbert and G. k Cod, ed., pp. 1-23, Academic Press, London. 
Herendeen. S. L., R. A. VanBogelen and F C. Neidhardt (1979) Levels of major proteins of hchrrichra 
col1 during growth at different temperatures. J BacteRol. 139, 185- 194 
Hermanowicz, S W and k' -W Cheng ( 1990) Biological fluidized bed reactor: Hydrodynamics. biomass 
distribution and performance Wat. Sci. Technol 22, 193-202. 
Herskowitz. M. and J C Merchuck (1986) A loop three-phase fluidized-bed reactor Can. J Chem. Eng 
a, 57-61 
Hilge-Rotmann, B. and H. I.  Rehm (1990) Studies of the physiology of fiee and immobiiized 
Saccharomyces cerev~srae. In Lectures held at the gth DECHEMA Annual me et in^ of Biotechnolo@ts, 
May 28-30. Vol. 4, D Behrens and P. Kramer, ed.. pp. 163-166, DECHEMA Deutsche GesellschaA €Ùr 
Chemisches Apparatewesen, New York. 
Hill, G A. (1974) Kinetics of Phenol Demadation bv Ps~.ucr'omor~~ puriah. Masters Thesis, University of 
Waterloo, Waterloo, ON. 
Hill. G. A. and C. W. Robinson (1975) Substrate inhibition kinetics: Phenol degradation by P.wrrdomor~a.r 
pur&. Biotechnol. Bioeng. 2, 1599- 16 1 5 
Hoehn. R. C. and A. D. Ray (1973) Effects of thickness on bacterial film. J .  Wat. Pollut. Control Fed. 45, 
2302-2320. 
Holladay. D. W., C W. Hancher, D. D. Chilcote and C. D. Scott (1978) Biodegradation of phenolic waste 
liquors in stirrcd-tank, columnar and fluidized-bed bioreactors. AIChE Symposium Series, Food. 
Pharmaceutical and Bioengineering 74, 34 1-25?. 
Holman. J .  P. (1990) Heat Transfer, 7th ed., McGraw-Hill, inc.. Toronto 
Horn, H. and D. C. Hempel (1997) Substrate utilization and rnass transfer in an autotrophic biofilm systern: 
Experimental results and numerical simulation. Biotechnol. Bioeng. 53, 363-37 1 .  
Howell, J. A. and B. Atkinson (1976) Influence of oxygen and substrate concentrations on the ideal film 
thickness and maximum overali substrate uptake rate in microbial film fermentors. Biotechnol. Bioeng. 38, 
15-35. 
Howell. J. A., C. T Chi and U. Pawlowsky (1972) Effect of wall growth on scale-up problems and 
dynamic operating characteristics of the biological reactor. Biotechnol. Bioeng. 14,253-265. 
HoweII. S. A. and M. G. Jones (1980) The development of a two-component operon-type theory model for 
phenol degradation. In NChE Svmposium Series 209. Vol. 77, G. F. Bennett, ed., pp. 122-128, American 
Institute of Chernical Engineers, New York. 
Howell. J. A. and M. G. Jones (1981) The development of a two component operon-type theory model for 
phenol degradation. AiChE Symp. Ser. 77, 122-128. 
Huang J. and K. L. Pinder (1995) Effects of calcium on development of anaerobic acidogenic biofilms: 
Biotechnol. Bioeng. 45, 2 1 2-2 1 8. 
Huang, S.-Y. and J.-C. Chen (1988) Analysis of the kinetics of ethanol fermentation with Zymomorias 
mobilis considering temperature effect. Enzyme Microb. Technol. i0, 43 1-439. 
Hutchinson, D. H. and C. W. Robinson (1988) Kinetics of the simultaneous batch degradation ofpcresol 
and phenol by Pseudomonasputida. Appl. Microbiol. Biotechnol. 29, 599-604. 
Ingraham J. L.. O Maaloe and F. C. Neidhardt (1983) Growth of the Bacterial CeII, Sinauer Associates, 
Inc., Sunderland, MA. 
Inniss, W. E. and C. 1. Mayfield (1978) Psychrotrophic bacteria in sediments fiom the Great Lakes. Wat. 
Res. 12, 23 7-24 1. 
Iwami, N.. A. Imai. Y.  Inarnori and R. Sudo ( 1992) Treatment of a landfill leachate containing refiactory 
organics and ammonium nitrogen by the microoryanism-attached activated carbon fluidized bed process. 
Wat. Sci. Technol. 26, 1999-2002 
Jadhav, S. V and V. G. Pangarkar (1988) Particle-liquid mass transfer in three phase sparged reactor Can. 
J Chem. Eng. 66, 573-578. 
Jadhav, S V. and V. G. Pangarkar (1991) Particle-liquid mass transfer in three-phase sparged reactors: 
Scale-up effects. Chem. Eng. Sci. 46, 9 19-927. 
Jensen, R. H. and C. A. Woolfolk (1985) Formation of filaments by Pseudomor~a.~ prrda. Appl. Environ. 
Microbiol. 5 0 ,  364-372 
Jian-an, C. and T. J. Nieuwstad (1992) Modelling the three-phase flow in a pilot-scale airlifl internal-loop 
reactor for wastewater treatrnent. Environ. Technol. u, 10 1 - 1 1 3 
Jones, P. G.. R. A. Van Bogelen and F C. Neidhardt (1987) Induction of proteins in response to Iow 
temperature in Escherichia coli J .  Bacteriol. m, 3092-2095. 
Joshi. J. B., V. V. Ranade, S. D. Gharat and S. S. Lele (1990) Sparged loop reactors. Can. J.  Chem. Eng. 
68, 705-74 1 .  -
Juiseth, C. R. and W. E. Inniss (1990) Heat shock protein induction and the acquisition of themotolerance 
in the psychrotrophic yeast Trichospron pullulans. Cument Microbiol. 20. 39 1-396. 
Kaballo, H.-P., Y. Zhao and P. A. Wilderer (1995) Elimination ofpchlorophenol in biofilm reactors - a 
comparative study of continuous flow and sequenced batch operation. Wat. Sci. Technol. 3, 5 1-60. 
Karel, S. F., S. B. Libicki and C. R. Robertson (1985) The immobilization of whole cells: Engineering 
principles. Chem. Eng. Sci. 40, 1321- 1354. 
Keweloh. H., R. Backhaus, G. Weyrauch, H.-J. Heipieper and H. J .  Rehm (1990a) Influence of phenols on 
the membrane of 6ee and irnmobilized bacteria. In Lectures held at the 81h DECHEMA Annual Meetinp of 
B E S 4 ,  D. Behrens and P. &..mer, ed., pp. 477-480. DECFEMA Deutsche 
Gesellschafi iùr Chemisches Apparatewesen, New York. 
Keweloh, H.. G. Weyrauch and H.4. Rehm (1990b) Phenol-induced membrane changes in fiee and 
immobilized ficherrchra coli. Appl. Microbiol. Biotechnol. 33,66-7 1. 
Kim B. R. and M. T. Suidan (1989) Approximate algebraic solution for a biofilm rnodel with the Monod 
kinetic expression. Wat. Res. 23, 149 1 - 1498. 
Kim, J. W., M. J. Humenick and N. E. Armstrong (1981) A comprehensive study on the biological 
treatabilities of phenol and methanol - I. Analysis of bacterial growth and substrate removai kinetics by a 
statistid method. Wat. Res. i5, 122 1 - 123 1. 
Kincannon, D. F., E. L. Stover, V. Nichols and D. Medley (1983) Removal mechanisms for toxic priority 
pollutants. J .  Wat. Pollut. Control Fed. 55, 157-163. 
Kissel, J. C.. P. L. McCarty and R. L. Street (1984) Numerical simulation of mixed-nilture biofilm. J. 
Environ. Div. ASCE m, 393-4 1 1 .  
Kjeldgaard, N. O., O. Maaloe and M. Schaechter (1958) The transition between different physiological 
States during balanced growth of Salmonella ryphimurium. J. Gen. Microbiol. l9, 607-6 16. 
Klein, J. and H. Eng (1979) The measurement of abrasion. In Characterization of lmrnobilized Biocatal~ns, 
Dechema Monorrra~hs, Vol. 84, K. Buchholz, ed., pp. 292-299, DECHEMA Deutsche Gesellschafi tùr 
Chemisches Apparatewesen, New York. 
Knowles. G.. A. L. Downing and M. J .  Barrett (1965) Determination of kinetic constants for nitnfying 
bacteria in mixed culture with the aid of an electnc computer J Gen. Microbiol. 38, 263-278 
Koch. B., M. Ostennann, H. Wke and D.-C. Hempel ( 199 1 ) Sand and activated carbon as biofilm camers 
for microbial degradation of phenols and nitroyen-containing aromatic compounds. Wat. Res. 3, 
Kochbeck, B., M. Linden and D. C. Hempel (1992) Hydrodynamics and local parameters in three-phase- 
flow in airlifi-loop reactors of different scale. Chem. Eng. Sci. 47, 3443-3450. 
Koide, K.. A. Takazawa, M. Kounura and H. Matsunaga ( 1984) Gas holdup and vohmetric liquid-phase 
mass transfer coefficient in solid-suspended bubble columns. J Chem. Eng. Japan 17, 459-466. 
Kolenc, R. J.. W. E. Inniss, B. R. Giick, C. W. Robinson and C. t .  Mayfield (1988) Transfer and expression 
of mesophilic plasmid-mediated degradative capacity in a psychrotrophic bacterium. Appl. Environ. 
Microbiol. 54, 638-64 1 .  
Kottun, G. (1989) Low-tem~erature Bioreaeneration of S ~ e n t  Activated Carbon bv a Phenol-degradin3 
Pseudomonad. M.A. Sc. Thesis, University of Waterloo, Waterloo. ON. 
Kotturi, G., C W. Robinson and W. E. Inniss (1991) Phenol degradation by a psychrotrophic strain of 
Pseudomonas puritla. Appl. Microbiol. Biotechnol. 34, 539-543. 
Krishnan, P and A. F J. Gaudy (1976) Response of activated sludge to quantitative shock loading. J. Wat. 
Pollut. Control Fed. 48, 906-919. 
Krouwel, P. G. and N. W. F Kossen (1981) Gas production by irnmobilized microorganisms: Calculation 
of theoretical maximum productivity. Biotechnol. Bioeng. 23, 65 1-655. 
Kumaran, P. and Y. L. Parachuri (1997) Kinetics of phenol biotransformation. Wat Res. 31, 11-32. 
Kushalkar, K. B. and V. G. Pangarkar (1994) Particle-liquid mass transfer in a bubble colurnn with a drafi 
tube. Chem. Eng. Sci. 49, 139-144. 
Kwok, W. K.. C. Picioreanu, S. L. Ong, *M. C. M. van Loosdrecht, W J. Ng and J.  J. Heijnen (1998) 
Influence of biomass production and detachment forces on biofilm structures in a biofilm airlift suspension 
reactor. Biotechnol. Bioeng. 3, 400-407. 
Langeveld, L. P M. and F. Cupenis (1980) The relation between temperature and growth in pasteurized 
milk of different types of bacteria which are important to the deterioration of that miIk. Neth. Milk Dairy J. 
33, 106-125. 
Lazarova, V. 2.. B. Capdeville and L. Nikolov (1992) Biofilm petformance of a fluidized bed biofilm 
reactor for drinking water denitrification. Wat. Sci. Technol. 26, 555-566. 
Leudeking, R. and E. L. Piret (1959) A kinetic snidy of the lactic acid fermentation batch process at 
controlled pH. J. Biochem. Microbiol. Technol. Eng. 1, 393-4 12. 
Lewandowski, G.. B. Baltzis and C. P. Vanintanya (1986) The use of pure cultures as a means of 
understanding the performance of mixed cultures in biodegadation of phenolics. In Biotechnologv for 
Demadation - of Toxic Chemicals in Hazardous Wastes, R. J. Schultze, E. D. Smith J. Bandy, Y. C. Wu and 
J. V. Basililo. ed., Noyes Data Corp., Park Ridge, NJ. 
Li, J.-K. and A. E. Humphrey (1989) Kinetic and fluorometric behaviour of a phenol fermentation. 
Biotechnol. Lett. 11, 177- 182. 
Liu, Y. (1998) Energy uncoupling in microbial growth under substrate-suficient conditions. Appl. 
Microbiol. BiotechnoI. 49, 500-505. 
Livingston, A. G. (1991) Biodegradation of 5.4-dichloroaniline in a fluidized-bed bioreactor and a steady- 
state biofilm. Biotechnol. Bioeng. 38, 260-272. 
Livingston, A. G. ( 1993) A novel membrane bioreactor for detoxify iny industrial wastewater 1 
Biodegradation of phenol in a synthetically concocted wastewater. Biotechnol. Bioeng. 4, 91 5-926 
Livingston. A. G. and H. A. Chase (1989) Modeling phenol degradation in a fluidized-bed bioreactor 
MChE J.  35, 1980-1997. 
Livingston. A. G. and H. A. Chase (1990) Liquid-solid mass transfer in a three phase drafi tube fluidized 
bed reactor. Chem. Eng. Commun. 92, 225-244 
Loeb, G. 1. and R. A. Neihof (1975) Marine conditioning films. Ln A ~ ~ l i e d  Chemistrv at Protein Interfaces, 
R. E. Baier. ed.. pp. 3 19-335, American Chemical Society, Washington, DC. 
Lu, Y. and J .  J. Ganczarcyk (1984) Application ofcamier/activated sludge process for treatment of phenolic 
wastewater. In Proceedinas of the 38th Industrial Waae Conference. Purdue Universitv - 1983. J M Bell. 
ed., pp. 643-657. ButterWorth, Toronto. 
Luong, H. G. T. (1987) Generalization of Monod kinetics for analysis of growth data with substrate 
inhibition. Biotechnol. Bioeng. 39, 342-248. 
Mainzer, S. E. and W. P. Hempfling (1976) Effects of growth temperature on yield and maintenance during 
~lucose-limited continuous culture of ficherrchla col;. J. Bacteriol. 126, 25 1-256. 
Manickan, T. S. and A. F J. Gaudy (1983) Cornparison of activated sludge response to quantitative. 
hydraulic and combined shock for the same increases in m a s  loading. In Proceedings of the 371h Industrial 
Waste Conference. Purdue University - 1982, J .  Bell, ed.. pp. 60 1-6 18, Ann Arbor Science, Ann Arbor, MI. 
Mao, H. H., Y. Chisti and M. Moo-Young (1993) Multiphase hydrodynamics and solid-liquid mass 
transport in an emernal loop airlifi reactor - a comparative study. Chem. Eng. Commun. 1, 1 - 13 
Man, A. G., E. H. Nikon and D. J. Clark (1963) The maintenance requirement of hchertchia coli. Ann. 
N.Y. Acad. Sci. 102, 536-548. 
Marshall, K. C., R. Stout and R. Mitchell (1971) Mechanism of the initial events in the sorption of marine 
bacteria to surfaces. J.  Gen. Microbiol. 69,337-348. 
hiassol-Deya, A. A., J. Whallon, R. F. Hickey and J. M. Tiedje (1995) Channel structures in aerobic 
biofilms of fixed-film reactors treating contarninated groundwater. Appl. Environ. Microbiol. 61, 769-777. 
McCallum, K L , J J Heikkila and W E Inniss (1986) Temperature-dependent pattern of heat-shock 
protein synthesis in psychrophiiic and psychrotrophic microorganisms. Can. J. Microbiol. 32, 5 16-52 1. 
McLellan, J. C. and A. W. Busch (1969) Hydraulic and process aspects of reactor desicpn II - Response to 
variations. In Proceedinps of the 24th Industrial Waste Conference, D. E. Bloodgood, ed., pp  493-506, 
Purdue University Press, Lafayette, [N. 
McMeekin, T. A., J. Olley and D. A. Ratkowsky (1987) Temperature effects on bacterial growth rates. In 
Physioloaical Models in Microbiolo~~. Vol. 1, M. J. Bazin and S. 1. Prosser, ed., pp. 75-89, CRC Press,inc.. 
Boca Raton. FL. 
Meadows, P. S ( 197 1) The attachment of bacteria to solid surfaces. Arch. Microbiol. 75, 374-38 1. 
Melin, E. S., K. T. J,,rvinen and J. A. Puhakka (1998) Effects of temperature on chlorophenol 
biodegradation kinetics in fluidized-bed reactors with different biomass carriers. Wat. Res+ 32, 8 1-90. 
Mennett R H. and T. O. M. Nakayarna (1971) Influence of temperature on substrate and energy 
conversion in Pseudomonasfluorescens. Appl. Microbiol. 22, 772-776. 
Merchuk, J .  C., G. Osemberg, M. Siegel and M. Shacham (1992) A method for evaluation of mass transfer 
coefficients in the different regions of airlift reactors. Chem. Eng. Sci. 47, 2221-2226. 
Mirpuri, R., W Jones and J D Bryers (1997) Toluene degradation kinetics for planktonic and biofilm- 
grown cells of Pser~domonaspr~~~da 54G. Biotechnol. Bioeng. 53,  535-546. 
Moletta K.. G Goma and G. Durand (1978) Influence de la temp,rature sur la cin,tique de croissance et le 
coefficient de maintenance de Candi& lipo@trca. Arch. Microbioi. s, 293-299 
Molin, G and 1. Nilsson (1 985) Degradation of phenol by P.se~rclamc~nuspt~ti& ATCC 1 1 172 in continuous 
culture at different rates of biofilm surface to culture votume Appl. Environ. Microbiol. 50, 946-950. 
Monod, 1. ( 1949) The growth of bacteria cultures. Ann. Rev. Microbiol. 3, 37 1 . 
Morgan. M. S. and V. H. Edwards (1971) Simulation of the effects of temperature on microbial cell 
propagators. Chem. Eng. Prog. Symp. Ser. 67. 5 1-58. 
Muck, R. E. and C. P. L. J .  Grady (1974) Temperature effects on microbial growth in CSTRs J .  Environ. 
Div. ASCE 100, 1 147- 1 163. 
Mulcahy, L. T. and W. K. Shieh (1987) Fluidization and reactor biomass characteristics of the 
denitrification fluidized bed biofilm reactor. Wat. Res 3, 45 1-458. 
Mulcahy, L. T., W. K. Shieh and E. J .  La Motta (1980) Kinetic model of biological denitrification in a 
fluidized bed biofilm reactor (FBBR). Prog. Wat. Technol. 12, 143-158. 
Mulcahy, L. T., W. K. Shieh and E. J. Lamotta (1  98 1 ) Simplified mathematical models for a fluidized-bed 
biofilm reactor. AiChE Symp. Ser. 77, 273-285. 
Nagai, S., Y. Nishizawa and S. Aiba ( 1969) Kinetics of nucleic acid synthesis in the growth of korohacter 
wrielatrdii. J. Gen. Appl. Microbiol. 15, 427-438. 
Nagaoka H. and K. Supo (1994) Effect of turbulent structure on filament-type biofilm reaction. Wat. Sci 
Technol. 30, 1 1 1-120. 
Ng, H.. J. L. Ingraham and A. G. Marr (1962) Damage and derepression in Escherrch~a coli resulting from 
gowth at low temperature. J. Bacteriol. 84, 33 1 .  
Nguyen-Tien, K., A. N. Patwari, A. Schumpe and W.-D. Deckwer (1985) Ga-liquid mass transfer in 
fluidized panide beds. AiChE J .  31, 194-201. 
Nicolella, C., R. Di Felice and M. Rovatti (1996) An experimental model of biofilm detachment in liquid 
fluidized bed biological reactors Biotechnol. Bioeng 3, 713-719 
Nielsen, P. H. and P. Harremoës (1995) Solids: Report of the discussion session. Wat. Sci. Technol. 32, 
273-275. 
O'Dowd, W., D. N. Smith, J. A. Ruether and S. C. Saxena (1987) Gas and solids behavior in a baffied and 
unbaffled slurry bubble column. AIChE J. 33, 1959- 1970. 
Ohashi. A. and H. Harada (1994) Characterizarion of detachment mode of biofilm deveIoped in an 
attached-growth reactor. Wat. Sci. Technol. 30, 3 5-45. 
Ohashi, A. and H. Harada (1996) A novel concept for evduation of biofilm adhesion strength by applying 
tende force and shear force. Wat. Sci. Technol. 34, 20 1-2 1 1. 
Okabe, S., T. Yasuda and Y. Watanabe ( 1997) Uptake and release of inen fluorescence particles by mixed 
population biofihs. Biotechnol. Bioeng. 53, 459-469. 
Ong, S. K. and A. R. Bowers (1990) Steady-state analysis for biological ueatment of inhibitory substrate. 
J. Environ. Div. ASCE 116, 10 13- 1028. 
Onysko, K. A. ( 1993) Health and Safety Assessrnent Rerion for Dvnamic Res~onse of an Immobilized-ce11 
Fluidized-bed Airlift Bioreactor Deerading Phenol. Department of Chemical Engineering, University of 
Waterloo, Waterloo, ON. 
Pacepavicius, G.. Y L. Lau. D Liu, H. Okarnura and 1. Aoyama ( 1  997) A rapid biochemical method for 
estimat ing bio fil m mass. Environmental Toxicoloyy and Water Quality An International Journal l2, 97- 
1 O0 
Palleroni, N. J .  (1975) Generai propenies and taxonomy of the genus Pseudomottas. In Genetics and 
Biochemistry of Pseirdomclrias, P. H. Clarke and M. H. Richmond, ed., John Wiley & Sons, Toronto. 
Palumbo, S. A. and L. D. Witter ( 1969) Influence of temperature on glucose utilization by Pseudornor~a.~ 
f71torescrn.s. Appl. Microbiol. i8, 137- 14 1. 
Park, Y., M. E. Davis and D A. Wallis (1984a) Analysis of a continuous aerobic fixed-film bioreactor. 1 .  
Steady-state behaviour. Biotechnol. Bioeng. 26,457467. 
Park, Y .. M. E. Davis and D. A. Wallis ( i984b) Analysis of a continuous. aerobic, fixed-film bioreactor. II. 
Dynamic behavior. Biotechnol. Bioeng. 2,468-476. 
Patoine, M.-C. (1989) Low-temperature Biodemadation of Phenol in an Immobilized-cell Fluidized-bed 
Reactor. M.A.Sc. Thesis. University of Waterloo, Waterloo, ON. 
Pawlowsky, U. and J. A. Howell (I973a) Mixed culture biooxidation of phenol. 1. Determination of kinetic 
parameters. Biotechnol. Bioeng. i5, 889-896. 
Pawlowsky, U. and J. A. Howell (1973b) Mixed culture biooxidation of phenol. II. Steady state 
experiments in continuous culture. Biotechnol. Bioeng. 25, 897-903. 
Pawlowsky, W., J. A. Howell and C. T Chi (1973) Mixed culture biooxidation of phenol. III. Existence of 
multiple steady States in continuous culture with wall growth. Biotechnol. Bioeng. 15, 905-916. 
Perez, J. and T W J e s e s  (1992) Roles of manganese and organic acid citelators in regulating lignin 
degradation and biosynthesis of peroxidases by Phanerochaere chtysospor~rrm. Appl. Environ. Microbiol. 
58, 2402-2409. -
Perret, C. .J. (1960) A new kinetic model of a growing bacterial population. J.  Gen. Microbiol. 22, 589-6 17. 
Perry's Chemical Enaineers' Handbook, Sixth edition (1984), R. H. Perry. D. W. Green, I, O. Maloney. ed., 
Mcûraw-Hill, Inc., Toronto, p. 3- 1 03. 
Petrasek, A. C., 1. J .  Kugelman, B. M. Austem, T. A. Pressley, L. A. Winslow and R. H. Wise (1983) Fate 
of toxic organic compounds in wastewater treatment plants. I. Wat. Pollut. Control Fed. 2, 1286-1296. 
Pin, S. 1. (1965) The maintenance energy of bacteria in growing cultures. Froc. Roy. Soc. Ser. B. 163, 
224-23 1. 
Pisano, S. L.. J. C. O'Shaughnessy, D. LaMarre, C. Gray. S. Pederson and LM. Sykes ( 1990) Toxic organic 
shock loading of rotating biological contactors and xquencing batch reactors. Ln Proceedin~s of the 4 I m  
industrial Waste Conference. Purdue Universitv - 1989, J. BeIl, ed., pp. 125-140. Lewis Publishers, Inc., 
Chelsea, MI. 
Potier, P., P. Drevet, A. M. Gounot and A. Hipkiss (1990) Temperature-dependent changes in proteolytic 
activities and protein composition in the psychrotrophic bacterium Arthrobacrer b lob~oms S155. J .  Gen. 
Microbiol. 136, 283-29 1. 
Potthoff. M. and M. Bohnet ( 1993) Influence of solids concentration and static mixers on fluid dynamics in 
three-phase fluidized bed bioreactors. Chem. Eng. Technol. i6, 147- 152. 
Powell. M. S. and N. K H, Slater ( 1  982) Removal rates of bacterial cells fiom glass surfaces by fluid shear. 
Biotechnol Bioeng. 24, 2527-2537. 
Powell, M. S. and N K.  H. Slater (1983) The deposition of bacterial cells from laminar flows onto solid 
surfaces Biotechnol. Bioeng. 25, 89 1 -900. 
Ratkowsky. D A.. R. K. Lowry, T A. McMeekin A. N. Stokes and R. E. Chandler (1983) Model for 
bacterial culture growth rate throughout the entire biokinetic temperature range. J .  Bacteriol. 154, 1222- 
1 226. 
Ratkowsky, D. A., J. Olley, T A. McMeekin and A. Bal1 (1982) Relationship between temperature and 
growth rate of bacterial cultures J . Bacteriol. 149, 1-5 
Ratkowsky, D. A., T. Ross, T. A. McMeekin and J .  Olley (1991) Cornparison of Arrhenius-type and 
Belehr dek-type rnodels for prediction of bacterial growth in foods. J. Appl. Bactenol. 71, 452-459. 
Reynolds, J. H., E. J.  Middlebrooks and D. B Procella (1974) Temperature-toxicity model for oil refinery 
waste. J. Environ. Div ASCE 100, 557-576. 
Rittrnann, B. E. and P. McCany (1978) Variable-order model of bacterial-film kinetics. J .  Environ. Div. 
ASCE m, 889-900. 
Rittmann, B. E. and P. L. McCarty (1980a) Evaluation of steady-state biofilrn kinetics Biotechnol. 
Bioeng. 22,23 59-2373 
Rittmann, B. E and P L. McCarty (1980b) Model ofsteady-state-biofilm kinetics. Biotechnol. Bioeng. 2, 
2343-2357. 
Rittmann, B. E. and P. L. McCarty (1981) Substrate flux into biofilms of any thickness. J. Environ. Div. 
ASCE 107, 83 1-849. 
Rittmann. B. E , F. Trinet. D. Amar and H. T. Chang ( 1992) Measurernent of the activity of a biof lm. 
Effects of surface loading and detachment on a three-phase, liquid-fluidized-bed reactor. Wat. Sci. 
Technol. 26, 585-594. 
Robinson. C. W. (1992) Laboratoy Research Health and Safetv Manual: Re-gulations and Guidelines, 
Departmental of Chemical Engineering, University of Waterloo, Waterloo. ON. 
Robinson. J. A., M. G. Truiear and W. G. Characklis (1984) Cellular reproduction and extracellular 
polymer formation by Pser~domorws aemgmosa in continuous culture. Biotechnol. Bioeng. 2, 1409- 14 1 7. 
Rozich. A. F. and A. F. J. Gaudy (1983) Response of phenol-acclimated activated sludge process to 
quantitative shock loading. J. Wat. Pollut. Control Fed. 57, 795-804. 
Rutter. P. R. and B. Vincent (1988) Attachment mechanisms in the surface growth of microorganisms. In 
Phvsiolo~ical rnodels in Microbiolo~v. Vol. 2, M. J. Bazin and J. 1. Prosser, ed., pp. 87-107, CRC Press, 
Inc., Boca Raton, FL. 
Ryhiner, G., S. Petrovi and 1. J. DUM (1988) Operation of a the-phase biofilm fluidized sand bed reactor 
for aerobic wastewater treatment. Biotechnol. Bioeng. 32, 667-688. 
Ryu, D Y. and R. 1. Mateles (1968) Transient response of continuous cuitures to changes in temperature. 
Biotechnol. Bioeng. IO, 385-397. 
Sa= P. B. and B. E. Rittmann ( 1988) tmproved pseudoanalyticai solution for steady-state biofilm kinetics. 
Biotechnol. Bioeng. j2, 379-385. 
Siinger, P. and W.-D. Deckwer (1981) Liquid-solid rnass transfer in aerated suspensions. Chem. Eng. J. 22, 
1 79- 186. 
Sakoda, A.. J Wang and M Suzuki (1996) Mirobial activity in biological activated carbon bed by pulse 
responses Wat. Sci Technol 34, 2 13-22?, 
Saleh. M.  M. and A. F J. Gaudy (1978) Shock load response of activated sludge with constant recycle 
sludge concentration. J. Wat. Pollut. Control Fed. 50, 764-774. 
Sanders. J. D ( 1 973 ) Temperature-nutrient Relationships in Microbial Growt h. Masters Thesis, University 
of Missouri-Columbia, Columbia, MO 
Sano, Y., N. Yamaguchi and T Adachi (1974) Mass transfer coeficients for suspended particles in agitated 
vessels and bubble coIumns. J Chem. Eng. lapan 2,255-261. 
Sauer, T. and D.-C. Hempel (1987) Fluid dynamics and mass transfer in a bubble column with suspended 
panicles. Chem. Eng. Technol. i0, 180-189. 
Saxena, S. C., N.  S. Rao and P. R. Thimmapuram (1992) Gas phase holdup in slurry bubble columns for 
two- and three-phase systems. Chem. Eng. J 49, 1 5 1 - 159 
Schaechter, M.. O. Maaloe and N.  O. Kjeldgaard (1958) Dependency on medium and temperature of ceIl 
size and chemical composition during balanced growth of Scllrnoneffu yphrmurtwn. J. Gen. Microbiol. 19, 
592-606. 
Schaezler, D. J., W. H. McHarg and A. W. Busch ( 197 1 )  Effect of the prowth rate on the transient 
responses of batch and continous microbial cultures. In Bioloszical Waste Treatment, R. P. Canale, ed., pp. 
107- 129, Wiley Interscience, New York. 
Schoolfield, R. M ,  P J .  H. Sharpe and C. E. Magnuson (1981) Non-linear regession of biological 
temperature-dependent rate models based on absolute reaction-rate theoty J Theor Bi01 88, 7 19-73 1 
Schroder, M., C. Müller, C. Posten. W -D Deckwer and V Hecht (1997) Inhibition kinetics of phenol 
degradation from unstable steady-state data. Biotechnol. Bioeng. $4, 567-576. 
Schumpe. A., A. K. Saxena and K. D. P. Nigam (1987) GasAiquid mass transfer in a bubble column with 
suspended nonwatable solids. AiChE J. 33, 19 16- 1920. 
Sharpe, P J. H. and D. W. DeMichele ( 1977) Reaction kinetics of poikilotherm development. J. Theor. 
Biol. 64,649-670. 
Shieh, W. K. ( 1980) Sugeeaed kinetic mode1 for the fluidized-bed biofilm reactor. Biotechnol. Bioeng. 22, 
667-676. 
Shieh, W. K. (i981) Comments on biologically active fluidized beds. Biotechnol. Bioeng. 23, 2145-2147. 
Shreve, G. S., R. H. Olsen and T. M. Vogel(1991) Development of pure culture biofilms of Pseudomonas 
putid on solid supports. Biotechnol. Bioeng. 37, 5 12-5 18. 
Shreve, G. S. and T. M. Vogel (1993) Cornparison of substrate utilization and growth kinetics between 
immobilized and suspended PsÉrudomonas cells. Biotechnol. Bioeng. 11, 370-379. 
Shuler, M. L. and F. Kargi (1992) Bioprocess Engineering: Basic Concepts, Prentice Hall, Englewood 
Cliffs. NJ. 
Siegel, M. H. and C. W. Robinson (1992) Applications of airlifl gas-liquid-solid reactors in biotechnology. 
Chem. Eng. Sci. 47,32 15-3229. 
Sittig, M. (1975) Environmental Sources and Emissions Handbook, Noyes Data Corporation, Park Ridge, 
NJ. 
Sokol, W. (1987) Oxidation of an inhibitory substrate by washed cells (oxidation of phenol by 
Pseudomonas puiirta). Biotechnol. Bioeng. a , 9 2  1 -927. 

Tang, W -T and L -S Fan (1989) Hydrodynamics of a three-phase fluidized bed containing iow-denstty 
particles AlChE J 35. 355-364 
Tang, W.-T. and L.-S. Fan (1990) Gas-liquid mass transfer in a three-phase fluidized bed containing low- 
density particles. Ind. Eng. Chem. Res. 29, 128- 133. 
Tang, W -T., K Wisecarver and L.-S Fan (1987) Dynamics of a dr& tube gas-liquid-solid fluidized-bed 
bioreactor for phenol degradation. Chem. Eng. Sci. 42.2 123-2 134. 
Tempest. D W t 1967) Studies on the growth ofAerobacter aerogems at low dilution rates in a chemostat. 
In Microbial Phvsioloory and Continuous Culture, E. O Powell, ed., pp 240-254, HMSO, London. 
Tempes. D. W and J R. Hunter (1  965) The influence of temperature and pH value on the macromolecuiar 
composition of magnesium-limited and glycerol-limited Armbacfer aerogerrrs growing in a chemostat. J. 
Gen. Microbiol. 41, 267-273. 
Tempest, D. W .  J. R. Hunter and J. Sykes ( 1965) Magnesiurn-lirnited growth of Arrohacter aerogeries in a 
chemostat J. Gen. Microbiol. 39, 355-366. 
Tijhuis, L.. B. Hijman and M. C. M. van Loosdrecht (1996) Influence of detachment. substrate loading and 
reactor scale on the formation of biofilms in airlift reactors. Appl. Microbiol. Biotechnol. 45, 7-1 7. 
Tijhuis, L., J L. Huisman, H. D. Hekkelman M. C. M. van Loosdrecht and J.  J.  Heijnen (1995) Formation 
of nitrifying biofilims on small suspended panicles in airlifi reactors. Biotechnol. Bioeng. 47, 585-595. 
Tijhuis, L., L. P. M. van der Pluym. M. C. M. van Loosdrecht and J.  J .  Heijnen (1992a) Formation of 
biofilms on srnall suspended panicles in airlift reactors. Wat. Sci. Technol. s, 2015-2019. 
Tijhuis. L., M. C M. van Loosdrcht and J .  J Heijnen (199213) Nitrification with biofilms on srna11 
suspended panicles in airlift reactors. Wat. Sci. Technol. 26, 2207-22 1 1 .  
Tijhuis. L.. H. Zwols. K.-H. van Meekeren. M. C. M. van Loosdrecht and S. J. Heijnen (1993) Dynamics 
of biofilm formation on small suspended particles in airlifl reaaors. Poster presented at the ECB-6 
Conference, Florence, lune 13- 17. 
Topiwaia, H. and C G Sinclair (1971) Temperature relationship in continuous culture Biotechnol. 
Bioeng. a, 795-8 13 
Tosteson, T. R. and W. A. Corpe (1975) Enhancement of adhesion of the marine Chforella rulgmts to 
slass. Can. J. Microbiol. 3, 1025-103 1. 
Touloukian, Y. S., S. C. Saxena and P. Hestemans (1975) A Com~rehensive Com~ilation of Data bv the 
Thermo~hysical Properties Research Center (TPRC. Purdue University). Vol. II. Viscosity, IFYPlenum, 
New York. 
Turakhia, M. H. and W. G. Characklis (1989) Activity of Pseudomotius aemgrnosu in biofilms: Effect of 
calcium. Biotechnol. Bioeng. 33, 406-444. 
Turakhia M. H., K. E. Cooksey and W. G. Characklis (1983) Influence of a calcium-specific chelant on 
biofilm removal. Appl. Environ. Microbiol. 46, 1236- 1238. 
van Benthum, W. A. J., M. D. M. van Loosedrecht and J. J. Heijnen (1997) Control of heterotrophic layer 
formation on nitrifying biofilrns in a biofilm airlifl suspension reactor. Biotechnol. Bioeng. s, 399-405. 
van Loosdrecht, M. C. M., D. Eikelboorn, A Gjaltema, A Mulder, L. Tijhuis and I. J .  Heijnen (1995a) 
Biofilm stnrctures. Wat. Sci. Technol. 32, 35-43. 
van Loosdrecht, M. C. M., J. Lyklerna, W. Norde and A. J. B. Zehnder ( 1989) Bacterial adhesion: A 
physiwchemical approach. Microb. Ecol. i7, 1 - 1 5. 
van Loosdrecht, M C M.. J Lyklema. W Norde and A. J B Zehnder (1990) Influence of interfaces on 
microbial activity Microbiol Rev 54, 75-87 
van Loosdrecht. M C M . L. Tijhuis, A. M .  S. Wijdieks and J J .  Heijnen (1995b) Population distribution 
in aerobic biofilms on small suspended particles. Wat. Sci. Technol. 31, 163- 171. 
Visser, A., Y. Gao and G. Lettinga (1993) Effms of shon-term temperature increases on the mesophilic 
anaerobic breakdown of sulfate containing synthetic wastewater. Wat. Res 27, 54 1-550. 
Voice. T. C., D. Pak. X. Zhao. J .  Shi and R. F Hickey (1992) BioIogical activated carbon in fluidized bed 
reactors for the treatment of groundwater contaminatecl with volatile aromatic hydrocarbans. Wat. Res. 26, 
1389-1401. 
von Karman, T. ( 1  92 1 )  Ober laminaire und turbulente Reibung. Angew. Math. Mech. 1, 233-252. 
Wagner. K. and D. C. Hempel (1988) Biodegradation by irnmobilized bacteria in an airlifl-loop reactor - 
Influence of biofilm diffision limitation. Biotechnol. Bioeng. 31, 559-566. 
Wanner. 0. (1995) New experimental findings and biofrlm rnodelling concepts. Wat. Sci. Technol. 32, 
133-140. 
Webb, J. L. (1963) Enzvme and Metabolic Inhibitors, Academic Press, Boston. MA. 
Weber, A. S., M.-S. Lai. W. Lin, J .  G. Goeddertz, W.-C. Ying and J .  D u e  (1992) Anaerobidaerobic 
biological activated carbon (BAC) treatment of a high strength phenolic wastewater. Environ. Prog. II, 
3 10-3 17. 
Whyte, L. G. and W. E. Inniss (1992) Cold shock proteins and cold acclimation proteins in a 
psychtrotrophic bacterium. Can. .l Microbiol. 38, 128 1 - 1285 
Wilderer. P. A.. A. Cunninyharn and U. Schindler (1995) Hydrodynamics and shear stress: Report from 
the discussion session. Wat. Sci. Technol. 32, 271 -372. 
Wilke, C. R. and P Chang ( 1955) Conelation of diffision coeficients in dilute solutions. AIChE J 1, 264- 
270. 
Williamson, K. and P L. McCarty (1976) A mode1 of substrate utilization by bacterial films. J. Wat. 
Pollut. Conuol Fed. 48, 9-24. 
WiIlocx, F , M Mercier. M Hendrikx and P Tobback (1993) Modelling the influence of temperature and 
carbon dioxide upon the growth of Pse~~domon~~jiuor~scuns. Food Microbiol. IO, 159- 173. 
Wisecarver, K. D. and L.-S. Fan (1989) Biological phenol degradation in a sas-liquid-solid fluidized-bed 
reactor. Biotechnol. Bioeng. 33, 1029- 1038. 
Worden, R. M. and T. L. Donaldson (1987) Dynamics of a biological fixed film for phenol degradation in a 
fluidized-bed bioreactor. Biotechnol. Bioeng. 30, 398-4 12. 
Xiu, 2.-L., A.-P. Zeng and W.-D. Deckwer (1998) Multiplicity and stability analysis of microorganisms in 
continuous culture. Effects of maabolic overfiow and ~rowth inhibition. Biotechnol. Bioeng. 57,25  1-26 1. 
Xu, N. and V. Majidi (1994) Identification of metabolic intermediates in microbial degradation of phenol 
using laser desorption time-of-flight mass spectometry. The Science of the Total Environment 156, 139- 
143. 
Yang, R. D. and A. E. Humphrey (1975) Dynamic and neady-state studies of phenol biodegradation in 
pure and mixed cultures. Biotechnol. Bioeng. i7, 12 1 1- 1235. 
Yano, T. and S. Koga (1969) Dynamic behaviour of the chernostat subject to substrate inhibition. 
Biotechnol. Bioeng. 11, 139- 153. 
Yano, Y.. T. Nakahara, S Kamiyama and K. Yamada (1966) Kinetic studies on microbial açtivities in 
concentrated solutions Part 1 .  E f ' t  of excess sugars on oxygen uptake rate of a ceIl free respiratory 
system. A g .  Biol. Chem. 30,4248. 
Yongaçogh, S.. K. Toda, J. E. Prenosil and 1. J. Dunn (198 1 )  Dynamics and control of a biological phenol 
wastewater treatment reactor. In Advances in Biotechnolonv: Proc. 6th Internat. Ferment. S v m ~ .  Vol. 1,  M. 
Moo-Young, C. W. Robinson and C. Vezina, ed., pp. 365-370, Pergarnon Press, Toronto. 
Young, T. B., D. F. Bniley and H. R. Bungay (1970) A dynamic mathematical model of the chemostat. 
Biotechnol. Bioeng. 13, 747-769. 
Young, T B and W. R. Bungay (1973) Dynamic analysis of a microbial process: A systems engineering 
approach. Biotechnol. Bioeng. 15, 377-393. 
Yun. H. S., J. Hong and H. C. Lim ( 1996) Regulation of ribosome synthesis in hcherichra col/: Effects of 
temperature and dilution rate changes. Biotechnol. Bioeng. 53, 6 15-624. 
Zhang, T. C. and P. L. Bishop ( 1994a) Experimental determination of the dissolved oxygen boundary layer 
and mass transfer resistance near the fluid-biofilm interface. Wat. Sci. Technoi. B,47-58. 
Zhang, T. C. and P. L. Bishop (1994b) Structure, activity and composition of biofilms. Wat. Sci. Technol. 
29, 335-344. 
Zhang, W.. E. Bouwer, L. Wilson and N. Durant ( 1995) Biotmsformation of aromatic hydrocarbons in 
subsurface biofiims. Wat. Sci. Technol. 31, 1-14. 
Zwietenng, M. H., J.  T. de Koos, B. E. Hasenack, J. C. de Witt and K. van't Riet (1991) Modelling of 
bactenal growth as a tunaion of temperature. Appl. Environ. Microbiol. 5 7 ,  1094- 1 IO 1 .  
Appendix A: Mathematical Development for the Solution o f  the Steady-state and Unsteady-state 
Models 
A-1 Mathematical Development for the Solution of the Steady-state Model. 
At steady state, the rate of change of each variable in the system is zero. The expressions developed for 
each variable in Section 4.2 at steady state are listed below. 
The balance on the substrate in the bulk fluid, Sm (Equation 4 1 with 4.2 and 4.3 substituted) becomes: 
The balance on the suspended biornass in the bulk fluid, Xs, (Equation 4.1 O with 4.1 1 substituted) becornes: 
The balance on the substrate in the biofilm, SI, in spherical coordinates (Equation 4.5) becornes: 
as, -- I a as, P, ~ s , ~ ~ ( - ( r - - ) ! - f - - m ) f  pl = O  
dt r r dr )=R 
which is subject to the following boundary conditions- 
The balance on the biornass in the biofi lm, expressed in terms of the radial distance to the surface of the bio film 
from the centre of the bioparticle, r ,  (Equation 4.16) becomes: 
Assurning a parabolic profile for the substrate concentration in the biofilm. the expression for the substrate 
concentration in the biofilm, .Y,, is 
SI = u f ( r  - rp )' + bf ( r  - rp ) + C' (A-5) 
as, 
- = 2ut(r - r p )  + h' 
dr 
but from Equation A-3a. 
Substituting Equations A-5 and A-6 gives 
2a'DS,l(rl - rp ) = kJSb - at(rJ - rp)' + cf) 
Rearranging to isolate c' gives, 
Subnituting Equation A- 10 into Equation A-5 gives, 
as; - = ?a' 




From Equation A-3b. 
Substituting Equation A-12 into Equation A-3 and multiplying by 
lntegrating with respect to r 
Solving 
From Equation A 4  
Substituting Equation A- 18 into A- 17 
Collecting terms 







Substituting Equation A- 14 into A- 1. 
Substituting Equation A-2 1 into A-22, 
Rearranging to isolate X;. 
Substituting Equation A-24 into A-2 and consolidating common tenns, 
lsolating r,; 
Substituting Equation A-26 into Equation A-1 8 gives, 
Equations A-26 and A-27 were solved numerically for different values of Sb until a vaIue of Sb for which 
the tùnction value was zero, was found. There were two solutions: a uiviaf solution for r,-=r, and a steady- 
nate solution for which r?rp The trivial solution corresponds to the case of a bioreactor without 
immobilized biomass. 
A-2 Mathematicai Development for the Solution of the Unsteady-state Model. 
Bas~c mass balarms 
The expressions developed for each variable in Section 4.2 at unsteady state are listd below 
The balance on the substrate in the bulk fluid, Shr (Equation 4.1 with 4 2 and 4.3 substituted) becomes: 
The balance on the suspended biomass in the bulk fluid. ,Ys. (Equation 4.1 O with 4 1 1 substituted) becomes: 
The balance on the substrate in the biofilm, S,, (Equation 4.5) becomes: 
which is subject to the following boundary conditions: 
The balance on the biomass in the biofilm, expresseci in ternis of the radid distance to the surface of the biofilm 
tiom the centre of the bioparticle. r, (Equation 4.16) becomes: 
The parabolic approximation for substrate concentration in the biofilm, Sfi is shown in Appendix A-i. 
Equations A-5 to A- 14. 
App!vrng the parabolrc apprtlxrmarrutl the balarice or, the bulk pherrol concentration 
Substituting Equation A- 14 into A-28 gives, 
Applyng the puraholic approx~imaiott ro rhr balance on phmol ol*ottce,lRaI1011 in the hiufilm 
Multiplying Equation A-30 by j gives. 
Integrating wit h respect to t gives, 
Equation A-34 will be evaluated term by term. 
Term 1 : 
at 
Applying the Leibniz nile to term A-34a gives, 
Substituting Equation A- 1 1 for Sf and Equation A- 14 for S,.(gives, 
Expanding and integating yields. 
Let O be defined as. 
Thus Equation A-34a-3 can be restated as. 
Substituting Equation A- 12 into A-34b gives 
Replacing terms 1 and 2 in Equation A-34 with A-34a3 and A-34b-5 and rearranging gives. 
where a' is expressed as, 
Then a system o f  four nonlinear ODES given by Equations A-36. A-28, A-29 and A-3 1 is obtained. 
Appendix B Parameter Values and Operating Conditions used in the Steady-state 
and Unsteady-state Simulations 
Table B- 1 Parameter Values used in the Steady-state and Unsteady-state Simulations 
Table B-2. Operating Conditions used in the Steady-state and Unsteady-state Simulations 
l 
I Parameter Notation in 
I ; MATLAB 
/ K, [mp/crn3] 
Luong 1 p,,,= [FI] 
kinerics 1 Ks [rn@crn3] 
l j SI [mg/cm3] 
[ I. [mg DWlmg phenol] 
1 m [mg phenoVmg 
1 DW-hl 
&,  [cm2/ s]
D, D, [-1 
I I I 
! l I 1 / Parameters / code 
Run 
1 InitiaVFinal i Operating 









1 Initial Conditions 
1 used in steady- 
i state simulations 1 1 1 j ! 1 I I l 
mumax 
230 pf [mg/cm3] 
Run 
1 2 1 3 5 1 8  
i state simulations f L I 1 I , I I I t I I 1 Step increases i D [h-'] 







D [h"' d 0.034 
' S, [ ~ n g / ~ m ~ ]  1 so 1 0.251 
3 
O.  175 
0.08762 





0.85 i O 85 
used in unsteady- / S. [mg/crn3] 




4 . 2 L l d  . 
4 . 7 9 ~  10' 
4.22.1d 3 . 4 6 ~ 1 d  1 L b [m31 / T 1 4 . 7 2 ~  1d / 3 . 4 6 ~  1d 
' 0.0451 ! 0.015 [ 0.042 ' 0.037 ( 
d 
so 
0.0592 1 0.0368 




rd r~ 0.022 
39 6 39.6 1 39.6 
8 . 0 9 ~ 1 0 ~  l l N. (-1 
0.180 1 0.248 1 0.160 
0.0593 ) 0.0945 / O. 170 





0.97 1 0.97 
9 . 7 5 ~  104 9 . 7 5 ~  lo4 
0.97 
9 . 7 5 ~  lo4 






9 . 7 5 ~ 1 0 ~  ' 
k, [ cdh ]  kss 
0.97 




I r p  [cm] 
0.40 1 

















Appendix C MATLAB Code for Steady-state and Unsteady-state Simulations 





















f c r  sb=0.0005:0.000002:0.002, 
i=i+l 
sbb (1 1 =sb; 
mub=mumax*sb/(Ks+sb+sb*sb/ki}; 
mu ( i )  =mub; 
num= !mub-dl *dt !so-sb) * 3*epsItvr; 
aen=4*3.14'np*rof ( (mub-d) 'ff' (rQiyg+m) -rd* (mub/yq+mj 1 ; 
rf=(rpn3+num/den) A !l/3) 
rff(i)=rf; 
a= {ff*rof*0.333* (rfA3-rpA3)  * !m+rd/yg)  / !2*rfn2*dsf* (rf-rp) 1 ; 
aaii)=a; 
xsfi)=(dr cso-sb) -4*3.I4159*nprff'rof/ (3*epsl*vrl + (rd/yq+r.; (rfA3- 
z p - 2 ;  ; ,' ; r ,~L 'ypXi ;  ; 
sm=o; 
ii=0; 
f c r  r=rp: ( r f - r p )  /lûOO:rf, 
ii=ii+l; 
sf=sb+a* ( ir-rp) "2-2*dsff  ( r f - t p )  /kss-(=f-rp) a2) ; 
sff (ii)=sf; 
muf=mumax*sf/ (Ks+sf+sfTsf/kiI ; 
sum=sum+muf*r*r* ( r f - r p )  / (1000) ;























sbb (i ) =sb; 
muD=mumax*sbW (1-sb/ki) / (Ks+sb) ; 
mu (ii=mub; 
num= (mub-d) *d+ ! so-sb) ; 
den=4*3.14'0.332*np*rof* ( (mub-d) - f f t  (rd/yg~ml- 
rd* (rnub/ygtm) ) /epsl/vr; 
rf=(rpA3+num/den) " (l/3) 
r f f  (i) =rf; 
a= (ff*rof*ù.333* (rfa3-rr3) ) (m+rd/yg! / (2*rfA2*dsf* (rf-rp; ! ; 
aa (i)=a; 
xs ( i ) = i d *  (so-sbl-4*3.14159*nptff+rof/ (3*epslevr; (rd/yg+m) * (rfa3- 
rpA3) / (mub/yg+m) ; 
c 9 3 m = f l .  
-.W.. - , 
ii=o; 
for r=rp: (rf-rp) /1000:rf, 
ii=ii+l; 
sf=sb+at ( (r-rp) ̂2-2*dsf* irf-rpj /kss- irf-rp) - 2 j  ; 
s f f  tii) =sf; 
muf=mumax*sf (1-sf/ki) / (Ks+sf) ; 
sum=sum+mcf*r*r* ! rf-rp) / ( 1000) ; 
end 
f(ij=lOe7* (sm-!rfA3-rpA3! *rd/  ( 3 )  i 
end 
C-3 MATLAB Code to calculate 1) from the steady-state value of a 
C-4 MATLAB Code for the Unsteady-state Model using Aaldane Kinetics 
C-5 MATLAB code for the unsteady-state Model using Luong Kinetics 
dsf =dswtdedw; 
mub=mumax+y(li ( 1 - y ( l )  /ki;/(Ksry(l~ ) ; 
r f  mub<O 
mub=0 ; 
e ~ d  
pl=yrll (y(4) "3-rpA3) /3; 
p 2 = (  ( (y(4) ^5-rpn5) /5-rp"(y(4! h4-rpA4) /2+rp*rpU ( ~ ( 4 )  n3-rpA31 / 3 )  - 
( 2 * d s f * ( y ( 4 ~ - r p ) / k s ~ + ( y t 4 ~ - r p ) ~ 2 ) ~ 1 y ( 4 ) " 3 - r p ~ 3 ) / 3 ) ;  
a=(y(3)-pl) /p2;  
s f r f = y  ( 1 )  -2*a*dsf/kssC ( ~ ( 4 )  - rp )  ; 
suml=O; 
sum2=0; 
: - r. 
a - v ;  
f c r  r=rp: ! y  (4)-rp) /100:y(4), 
i=i+ 1 ; 
sf=y(l)+at ( (r-rp)  ̂2-2*dsft 1 y f 4 1  -rp)/kss-:y(4)-rp) A 2 )  ; 
muf=mumax*sf* il-sf/ki) / (Ks+sf) ; 
r f  muf<0 
muf=O; 
er-c 
suiil=suml+muf*r*r"(y(4) - rp)  / ( l û û j  ; 
sum2=sum2+ (muf/yg+m) *r*rt (y (4) - r p ]  / I O O ;  
er;d 
integ=l/y(4) *2* (sumI-1/3* (y(4) -3-rpA3) *ra) ; 
group=2*dsf'a*y(4) '~(4) t ( y ( 4 )  -rp) -ff*rof*sum2; 
~ y ( l , ~ ) = d * ( s o - y t l ) ) - ~ m ~ b i y q + m ) * y f 2 ) - 4 ~ p i * ! y ( 4 )  )n2*np*2fdsf+a*(y(4)- 
rp) / iepsitvr) ; 
dyi2, :)=(m~*y(2)-d*y*(2)+4*pi*(y(4} A3-rpA3)*np*roi*rd/ (3+epsL*vr) 1 ;  
dy(3,1)=(gr~up+integ+sirffy(4)); 
dy ( 4 , 1 )  =inreg; 
C-6 MATLAB Code for the Unsteady-state ~Model  using Luong kinetics Adjusted for Suppressed 
Growth During Shock-loading 

Appendix D Data from Kinetic Studies 
D-l Data from Batch Experiments at 1 O°C used Tor the Temperature-dependent Growth Mode1 
(Haldane Equation) 
Table D- l Data from Batch Run 1 OB- I 
Time [hl Xs (mgILj Sb [rnglL] , 
0.37 53.4 12.50 
Table D-2. Data from Batch Run IOB-2 
Table DA. Data from Batch Run 10B-4 
Table D-3. Data from Batch Run 10B-5 











Xs [mg/ LI 
49.4 
Table D-5 Data fiom Batch Run IOB-5 
Table D-6 Data from Batch Run 1 OB-6 
Time [hl 
O. 17 











Table D-8 Data from Batch Run IOB-8 
Time [hl 1 XS [mg/L] 
r 
0.20 i 43.9 
S b  [mgJL] 
55.95 
Table D-9 Data from Batch Run IOB-9 
Time [hl 
O. 15 












Table D- l l Data from Batch Run 1 OB- I 1 
















Table D- 13 Data tiom Batch Run I OB- 13 







Table D- 16 Data fiom Batch Run 1 OB- 16 
J 
Table D- 1 5 Data tiom Batch Run 1 OB- 1 5 











S b  [rnglL] 
161.79 
Table D- 18 Data fiom Batch Run I OB- 18 
Table D-20 Data from Batch Run ]OB-20 
162.2 39.01 
12.08 187.5 1 1 1  185.3 
Table D-2 1 Data from Batch Run 1 OB-2 1 









Table D-23 Data fiom Continuous Experiments at lO0C 
S b  [mgIL] 
273.02 
Run D (1 th) S, [mgIL] S [mgIL] X, [mg/L] 
1 





0-3 Data from Batch Experiments at lS°C 
Table D-24 Data from Batch Run 15B- 1 
Time [hl XS [mglL] 1 Sb [mglL] 
0.08 33.5 1 23.66 
Table D-25 Data tiom Batch Run 156-2 
Time [hl 
0.08 





Table D-27 Data From Batch Run 15B-4 
Se [mglL] 
24.80 
Time [hl 1 X, [mgk] 
1 






Se [mgIL] ' 
41.12 
Table D-28 Data from Batch Run l5B-5 
Table D-29. Data fiom Batch Run 158-6 









11 0.89 0.07 51.8 
Table D-3 1 Data tiom Batch Run 1 58-8 














Table D-3 3 Data fiom Batch Run 158- 10 
4 
Table D-34 Data firom Batch Run I SB- l I 















Table D-35 Data fiom Batch Run I SB- L 2 
1 Time [hl 1 XS [mgiL] 1 Sb [rngIL] 1 
D-4 Data from Continuous Experiments at lS°C 
Table D-36 Data from Continuous Experiments at 15°C 
1 Run 1 D (1 Jh) 1 S, 1 S [mg/L] 1 X, [rnglL] 1 
D-5 Data frorn Batch Experiments at 20°C 
Table D-37. Data fiom Batch Run 20B-1 
1 Time (hl 1 Xs [mgJL] 1 Sb [mgIL] 1 
Table D-38 Data from Batch Run 20B-2 
Table D-39 Data fiom Batch Run 20B-3 
Time [hl 
0.03 
Table D-10 Data fiom Batch Run SOB-4 
1 Time [hl 1 Xs [mgIL] / Sb [mglL] 1 
Table D-4 1 .  Data fiom Batch Run 20B-5 
Xs [mglL] 
35.9 
S b  [mglL] 
20.60 
Time [hl 1 XS [mgll] 
r 
0.05 1 49.1 
S b  [mglL] 
33.74 
Table D-12 Data fiom Batch Run 20B-6 
Table D-43. Data tiom Batch Run 20B-7 
1 Time [hl 1 Xs [mgIL] Sb [mglL] 1 
Time [hl 
O. 07 










S b  [mg/L] 
82.65 
Table D-45 Data ttom Batch Run 20B-9 
1 Time (hl 1 Xs [rnglL] 1 Sb [rnglL) 1 
Table 0-46 Data frorn Batch Run ZOB- 1 O 
Table DA7 Data fiom Batch Run 306. 








Table DA8 Data fiom Batch Run 20B-12 
1 Time [hl 1 XS [mgll] 1 Sb [mglL] ] 
Table D-50. Data from Batch Run 20B-13 
Table D-49 Data from Batch Run 20B- 13 
Time [hl 1 Xs [mglL] 1 Sb [rnglLj 







Table D-53 Data from Batch Run 20B- 16 
1 Time [hl 1 XS [mgIL] 1 Sb [rngk] 1 
Table D-5 I Data from Batch Run ?OB- 15 
I 












D (1 Ih) 1 S. [rng/L] 





D-7 Data from Batch Experiments at 2S°C 
Table D-55 Data fiom Batch Run ?SB-2 




Table D-56. Data from Batch Run 25B 
Time [hl Xs [mgIL] Sb [mgIL] 
0.05 38.6 31.24 
Time [hl 
O. 03 









Table D-59 Data ftom Batch Run 25B-6 
1 Time [hl 1 XS [mgIL] 1 S b  [mglL] 1 
Table D-58 Data korn Batch Run ZSB-5 







Table D-61 Data from Batch Run 25B-8 
Table D-62 Data tiom Batch Run 25B-9 














Table D-64 Data fiom Batch Run 258- I 








Table D-66 Data from Batch Run Xi- 13 - - -  
Table D-67 Data from Batch Run ?SB- 14 








Xs[mglL] 1 Sb[mglL] 
42.3 1 423.76 
Table 0-68 Data tiom Batch Run 25B- 15 
D-8 Data from Continuous Experiments at 2S°C 




D (1 lh) 1 S. [mgIL] 





Appendix E Data from Shock-loading Experiments in the ICFBR 
Table E- t Data from Run I 
























O. 000 1 48 
0.0001 13 
Table E- 1 continued 
Table E-2 Data from Run 2 




























































-1 8.2 , 



















































































Table E-3 Data from Run 3 
Time [hl Xs [rnÿiL 1 se hW s, /mg'!- 1 EPS [g glucoselg 
sand] 
-99.4 1 07 1.1 
-72.9 248 
-30.9 113 0.3 254 
-1 9.0 113 0.3 251 
-9. O 0.000578 
-8.8 0.000455 
-8.7 0.0004 1 5 
-7.7 112 0.3 
-4.5- 112 0.9 
-4.4 239 
0.2 112 0.4 
0.4 116 0.3 
0.7 119 0.3 
O. 9 115 0.5 
1.2 112 0.4 
1.4 112 0.6 
1.7 110 0.4 
1.9 113 O. 5 
2.2 1 09 0.4 
2.4 111 0.4 
2.7 1 08 
3.7 1 08 0.4 
4.2 110 0.3 
4.7 1 09 0.3 
5.2 112 0.2 
5.7 111 0.2 
6.2 1 07 0.2 
6 7  1 112 O. 3 
Table E-3 continued 
1 50 5 1 0.6 237 1 O. 0007 1 5 1 
Table E-l Daia from Run 5 






[ m a ]  1 [m.a] 
168 




0 001 53 
[g tg sand] 
Table E-5 Biopanicle Measurements fiom Lmagc Analysis in Run 5 
Time 1 Average Ferret 1 Standard Deviation 1 Number of 1 Number of Bare 1 










Table E-6 Data tiom Run 6 
Tirne xs S b  SO EPS Biofilrn Dry Weight 
[hl [ m d ]  [mtr/L] [rn.dL] tg glucose/g sand] [g /g sand] 











41.5 286 6.1 
56.3 390 12.6 




















Table E-6 continued 
1 67.8 1 249 1 6.0 1 0.00808 1 
Table E-7 Bioparticle Mrasurernents Fram Image Analvsis in Run 6 





0.1 9581 1 























Biofilm Dry Weight 




-21.9 155 1.9 0.00038 
xs 

































156 1 1.4 
154 1 1.4 




















Table E-9 Bioparticle Measurements fiom Image Analvsis in Run 7 
1 Time 1 Average Ferret 1 Standard Deviation 1 Number of Particles 1 Nurnber of Bare 
Table E-8 continued 
1 61 / ~ia-meter 1 of the Ferret 1 Measured 1 Particles 
[mm] 1 Diarneter [mm] 1 
I 

























Tabte E-IO Data from Run 8 
Time 1 XS S b  SO EPS 1 Biofilm Dry Weight 1 
Table E-1 1 Bioparticle Measurements From Image Analvsis in Run 8 








































[g Iq sandj 
0 013 
O. 0066 
0.0077 0.01 7 
Appendix F Dissolved Oxygen Calculations 
The dissolved oxygen content of the fermentation broth was monitored during each of the dvnamic runs. 
however, the calibraiion shified durin3 the runs and it was not possible to recalibrate without introducins 
contamination The following calculations were performed to confirm that oxygen was not Iimiting 
Oxygen supply: 
The oxygen transfer rate (OTR) is siven as follows (Shuler and Kargi. 1992) 
OTR = K,.u(( ** - ( ',. ) (F-1) 
The overall gas-liquid mass transfer coefiicient. &.a. was calculatrd using two correlations The 
correlation of Bello et 51. ( 1985) was developcd for airlifl reactors The correlation of Nguyen-Tien et al. 
( 1985) was developed for bubble columns containiny glass beads and has been found to fit data for a 
fluidized bed reactor containing biotilm-covered sand panicies quite well (Ryhiner et at . 1988) Note that 
both correlations are based upon the dispersion volume (hence the nomenclature Gu!,) which in this case is 
approxirnately equal to the liquid volume The results are presented in Table F- l 
Table F- 1 .  Calculatec 
Reference 
Bello et ai ( 1985) 
Nguyen-Tien et al. 
( 1985) 
Values for &a Based upon Selected Correlations 
1 ~ p f o r  1 
The maximum rate of oxyeen transfer would occur when <;=O Given that at 10°C. (" is 1 1 mg/L O: 
(Perry's Chernical Ensineers' Handbook, 1983). the predicted maximum OTR is in the r a s e  of 340-660 
m@-h us in~  both correlations. 
Oxygen demand: 
The biotilm thicknesses in this work were very thin. Model simulations in Sections 5 3 2.2 and 5.3.2.3 
showed that the phenol concentration profiles in the biofilms are quite flat It would be expected that the 
Correlation oxyzen 
[h'] 
Values of variables 
oxygen concentration profiles within the biotïlm are also flat. hencr. in this analysis diffusion efTects 
within the biofilm will be neslected 
The oxysen uptake rate (OLrR) is çiven as follows (Shuler and Kargi. 1992) 
where cl,,: is the specific rate of oxygen consumption [mg 02/g DW cells.h]. .\,,, is the total concentration of 
biomass (given as .kit,, .\; - .\; ) [mg DW cellsR]. p is the specific yrowth rate [a']. and I',,,,: is the oxyoen 
yield coetlïcient [g DW cells/g 021] The values of the specific oxygen rate of oxygen consurnption and the 
oxyzen vield coefficient are not available in the literature for P. yrirrdu Q5 at 10°C 
Two approaches were taken The first ponion of Equation F-3 was used in the tirst approach 
(corresponding to OUR - I in  Table F-2) The value of O 8 mg 02/my DW-h. determined by Hill (1971) 
for a mesophilic culture of P. prrrrh (ATCC 17384) at 30°C, was used for the specific rate of oxysen 
consumption. Bccause the specific growth rates at IOOC are much lower than at 30°C. it i s  quite possible 
that the specific rate of oxysen consumption is also rnuch lower The second approach (corresponding to 
OUR - 2 in Table F-2) involved the use of the second ponion of Equation F-3 The steadv-state vaiue for ,u 
was approxirnated as the dilution rate for each experiment. this assumption was reasonable because the 
contribution of the biofilm biomass ro the total biomass concentration was relatively small. The value of 
O 77 mg DW cellslrng 0: determined by Worden and Donaldson (1987) for a rnixed culture of mesophilic 
phenoI degraders, was used for the oxygen yield coefficient. 
Table F-2. Calculated Oxvqen tTptake Rates Duriny the Runs Used in the Simulations 
Run InitiaVfinal .Y, (rn-d) .&-(m@) (m@) OUR -1 OUR -2 
steady state [mg 02/L.fi] [ma O&-fi] 
1 initial , 135 17 152 12 1 7 8 
1 washout 1 - 1 - 1 - ( 1 - 
2 1 initial 1 I l5 1 18 ! 133 1 107 1 7.8 
i finai 1 168 1 19 l 187 1 149 i 8.9 
3 1 intial 1 117 1 9 1 12 1 97 1 3 9 
1 final 1 143 1 9 1 152 1 122 1 1 1  7 
The results obtained from the two approaches in Table F-2 are difirent by more than an order of 
magnitude The results from the first approach based upon a parameter determined at 50°C indicate that 
there may have been an ovysen limitation during the shock load in Run 7 and during the initial steady-state 
operating period in Run 8 However, the results from the second approach which incorporate the specific 
wowth rates estimated for each experiment suaest that even during the high cell concentrations observed - 
during Runs 7 and 8 (and relatively high organic loadings), that oxygen was not limiting. The results from 
the second approach are likely to bener reflect what was happening during the experiments This cm only 
be confirmed by dctermining the oitygen yield coefficient of P. prrrru'a Qj at 10°C 
Appendix G. Calculation o f  Temperature Effects 
An assumption of the dynamic mode1 was that the temperature of the biofilm and the bulk tluid were the 
same The following calculations were performed to check if the assumption was reasonable 
The problem was solved by usin2 the yeneral solution for a step change in surface temperature for 
a hollow sphere and solving for the inner boundary of the biofilm It was assumed that the biofilm had 
similar properties to water (Characktis. 198 1 ) and that flow conditions were stagnant (worst case scenario) 
The parameter values used were: 
r,= 105 pm 
r, = 150 Pm (assuminy a biofilm thickness of45 pm) 
K r , r , = 0 7  
k = 0.6 1 W/mK (Characklis. 198 1 ) 
ph( = 1 O00 kg/m3 
cP= 4.19 J/gK 
l e : ,  = (kph@( r r,') = 6 47 - t  s 
7;= lO0C 
The solution is 5' wen  as. 
The times ( 1 )  for the inner boundary of the biofilm to adjust 
(G- 1 )  
fiom an initial temperature ( 7,) of 10°C to step 
increases in the biofilm surface temperature (fi) to 15.20 and 30°C are 0.1. 0.2 and 0.2 s respectively 
Since the order of magnitude of the response is a fraction of a second, the biofilm and the bulk fi uid can be 
assumed to be the same temperature for the purposes of the mode1 
